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ABSTRACT 
 
The soybean aphid, Aphis glycines Matsumura (Hemiptera; Aphididae), is one of the 
most destructive insect pests of soybeans (Glycine max) in the United States.  One method for 
managing this pest is through host plant resistance. Since its arrival in 2000, four aphid biotypes 
have been identified that are able to overcome soybean aphid resistance (Rag) genes. A soybean 
aphid isolate collected from Moline, Illinois was not biotype 1 or biotype 2 because it readily 
colonized soybean plants with the soybean aphid resistance gene Rag2, unlike biotypes 1 and 2, 
but similar to soybean aphid biotype 3. Two no-choice experiments compared the virulence of 
the Moline isolate with biotype 3. In both experiments, differences in aphid population counts 
were not significant (P > 0.05) on soybean genotypes LD08-12957a (Rag2) and LD11-5413a 
(Rag2), but the aphid counts for the Moline isolate were significantly (P < 0.05) lower than the 
aphid counts for the biotype 3 isolate on the soybean genotypes Dowling (Rag1), LD05-16611 
(Rag1), LD11-4576a (Rag1), and PI 567598B (rag1b and rag3). The Moline isolate was a 
variant of aphid biotype 3, which is the first report showing that soybean aphid isolates that 
classified as the same biotype, based on virulence against specific Rag genes, can differ in 
aggressiveness or ability to colonize specific host genotypes. 
Soybean is a major crop in the United States.  Like all crops, soybeans are under constant 
threat of disease from invading pathogens and pests. One potential management method is to 
treat plants with elicitors to induce host resistance. The objective of this research was to 
determine if elicitors, previously shown to elicit defense responses in other host-pathogen 
interactions, could induce resistance in soybean. Two soybean genotypes producing high and low 
amounts of reactive oxygen species (ROS) after elicitation were selected for field experiments. 
In two consecutive growing seasons, five different elicitors and a water control were applied to 
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foliage of both genotypes. Foliage and stems were evaluated for disease incidence and severity 
weekly and post-harvest.  Overall, elicitors reduced disease severity in the soybean genotype 
with high ROS more than in the genotype with low ROS, and the specific reduction of a 
particular disease was associated with elicitor type in each year. In year 1, significant reductions 
occurred for anthracnose after treatment with benzothiadiazole; the same trend was found for 
charcoal rot after elicitation with phenylalanine and pod and stem blight after elicitation by 
chitosan in year 2 on the high ROS response genotype. In addition to the field studies, several 
greenhouse experiments were completed using additional soybean genotypes.  Plants of genotype 
LD00-2817p survived at a higher rate after inoculation with Phytophthora sojae when treated 
with BTH, phenylalanine, and salicylic acid compared to a susceptible genotype. The current 
study showed the effectiveness of chemical elicitors and the potential to modify genotypes to 
effectively respond to elicitation to increase resistance to a broad spectrum of pathogens. 
Charcoal rot, caused by the fungal pathogen Macrophomina phaseolina, is a serious 
disease on soybean and other economic crops including corn, sorghum, and sunflowers. With 
few management options to control charcoal rot, more effort has focused on discovering new 
sources of host resistance. In this study, 70 ancestral accessions from the USDA Soybean 
Germplasm Collection were evaluated for charcoal rot resistance. Three experiments were used 
to evaluate soybean accessions; two lesion length experiments and a survival rate experiment. 
Results from these experiments indicated that three accessions, PI 548178, PI 548302, and PI 
548414, showed significantly higher levels of partial resistance than the current moderately-
resistant genotype, DT97-4290. The charcoal rot-resistant accessions found in this study will be 
useful to soybean breeders interested in breeding for charcoal rot resistance.  
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CHAPTER 1 
 
Soybean Aphid Intra-biotype Variability Based on Colonization of Specific Soybean 
Genotypes* 
 
ABSTRACT 
 
The soybean aphid, Aphis glycines Matsumura (Hemiptera; Aphididae), is one of the 
most destructive insect pests on soybeans in the United States.  One method for managing this 
pest is through host plant resistance. Since its arrival in 2000, four aphid biotypes have been 
identified that are able to overcome soybean aphid resistance (Rag) genes. A soybean aphid 
isolate collected from Moline, Illinois was not biotype 1 or biotype 2 because it readily colonized 
soybean plants with the soybean aphid resistance gene Rag2, unlike biotypes 1 and 2, but similar 
to soybean aphid biotype 3. Two no-choice experiments compared the virulence of the Moline 
isolate with biotype 3. In both experiments, differences in aphid population counts were not 
significant (P > 0.05) on soybean genotypes LD08-12957a (Rag2) and LD11-5413a (Rag2), but 
the aphid counts for the Moline isolate were significantly (P < 0.05) lower than the aphid counts 
for the biotype 3 isolate on the soybean genotypes Dowling (Rag1), LD05-16611 (Rag1), LD11-
4576a (Rag1), and PI 567598B (rag1b and rag3). The Moline isolate was a variant of aphid 
biotype 3, which is the first report showing that soybean aphid isolates that classified as the same 
biotype, based on virulence against specific Rag genes, can differ in aggressiveness or ability to 
colonize specific host genotypes. 
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INTRODUCTION 
 
Aphis glycines Matsumura (Hemiptera: Aphididae), the soybean aphid, is a pest native to 
Eastern Asia that feeds on soybeans, Glycine max (L.) Merr. and has been a threat to US soybean 
production since its arrival in 2000 (Hartman, et al. 2001).  Soybean aphids directly reduce yield 
through stress caused by removal of photosynthate that results primarily in reduced pod set 
(Beckendorf, et al. 2008). Aphids can also vector soybean viruses, including Soybean mosaic 
virus and Soybean dwarf virus (Beckendorf, et al. 2008; Hartman, et al. 2001; Iwaki, et al. 1980; 
Rhainds, et al. 2007; Van Emden and Harrington 2007).  Economic impact of aphid damage on 
soybean production ranges from US $3.6 to $4.9 billion annually in North America (Kim, et al. 
2008). Methods to manage the soybean aphid include the use of foliar insecticides (Hartman, et 
al. 2001), genetic resistance in soybean cultivars, which has just recently entered the marketplace 
(Hartman, et al. 2001; Hill, et al. 2012), and natural enemy conservation and importation of 
biological controls (Costamagna and Landis 2007; Heimpel, et al. 2004). 
Naturally occurring genes that provide resistance to aphids have been identified in a 
number of crops (Smith 2005).  Currently, there are eight named soybean aphid resistance genes 
in soybean: Rag1 (Hill, et al. 2006), rag1b (Bales, et al. 2013), rag1c (Zhang, et al. 2010), Rag2 
(Hill, et al. 2009; Mian, et al. 2008), Rag2_PI 567301B (Jun, et al. 2012), rag3 (Zhang, et al. 
2010), Rag3b (Zhang, et al. 2013), and rag4 (Zhang, et al. 2010).  Research to discover, 
characterize, and map new soybean aphid resistance genes continues with about one third of the 
USDA germplasm collection evaluated for aphid resistance thus far (Hill, et al. 2012). 
Expression of soybean aphid resistance genes in soybean involves varying levels of antibiosis or 
antixenosis, depending on the resistance gene (Hill, et al. 2012). Antibiosis-type resistance 
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negatively interferes with soybean aphid biology, including reproduction, while antixenosis 
resistance affects behavior of the aphid, which shows non-preference for a resistant plant 
compared to a susceptible plant (Hill, et al. 2012). 
Biotypes of the soybean aphid were discovered in North America in 2008 (Kim, et al. 
2008). As of 2013, there are four documented soybean aphid biotypes: biotypes 1 and 2 (Kim 
and Diers 2009), biotype 3 (Hill, et al. 2010), and biotype 4 (Alt and Ryan-Mahmutagic 2013).  
Aphid biotypes are distinguished from each other by their differential colonization on soybean 
genotypes with different resistance genes.  Specifically, biotype 1 does not colonize plants with 
the Rag1 or Rag2 resistance genes (Hill, et al. 2006) or any other known soybean aphid 
resistance genes (unpublished), biotype 2 colonizes plants with the Rag1, but not the Rag2 
resistance gene (Kim and Diers 2009), biotype 3 colonizes plants with the Rag2 gene (Hill, et al. 
2010), and biotype 4 colonizes soybean genotypes with either Rag1 or Rag2 and lines with both 
genes pyramided (Alt and Ryan-Mahmutagic 2013). The discovery of multiple soybean aphid 
biotypes has indicated that there is great diversity of virulence in the North American soybean 
aphid population and that additional biotypes will likely occur as new soybean aphid resistance 
genes are discovered and tested. 
While biotypes 1, 2, and 4 were collected on soybean, biotype 3 and the aphid isolate 
described in this paper were collected on buckthorn. Regional surveys of soybean aphids have 
been conducted for several years in early spring at several sites in the North Central soybean 
region with large patches of buckthorn. In 2007, the soybean aphid isolate later named biotype 3 
was collected from Frangula alnus (glossy buckthorn) in Springfield Fen, Indiana (Hill, et al. 
2010).  In 2009, an isolate was collected from Rhamnus cathartica (common buckthorn) in the 
Black Hawk Historical Site, located in western Illinois near the Iowa/Illinois border (Moline, IL 
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N 41.46521 W 90.57668).  This western Illinois isolate, referred to as the Moline isolate, 
colonized plants with Rag2 in preliminary tests (unpublished), unlike biotypes 1 and 2 but 
similar to biotype 3.  The objective of this study was to determine if the Moline isolate was a 
new soybean aphid biotype, or a soybean aphid biotype 3 variant by comparing it to biotype 3 on 
different sources of soybean aphid resistance. 
 
MATERIALS AND METHODS 
 
Aphid cultures and soybean genotypes 
The Moline and biotype 3 soybean aphid isolates were maintained and increased in 
separate growth chambers on LD08-12957a, a breeding line with Rag2, as previously described 
(Hill et al. 2010). Aphids were transferred to fresh, young plants weekly.  Both aphid isolates 
have been continuously maintained in the summer apterous state in separate growth chambers in 
different rooms since they were cloned from a single aphid after they were originally collected. 
A panel of 12 soybean genotypes, including those representing several sources of aphid 
resistance as well as susceptible checks (Table 1.1), was used in a preliminary choice 
experiment. Two replicated no-choice experiments were subsequently conducted. 
 
Choice test 
A single, preliminary choice test was conducted using the previously described protocol 
(Hill, et al. 2010) to screen the virulence of the Moline isolate.  The test was set up as a 
randomized complete block design with three blocks.   The blocks were contained in separate 48-
pot plastic inserts (Hummert International, Earth City, MO) placed into a flat (26 x 52 x 6 cm) 
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with drainage slits (Hummert International).  Two seeds each of 11 soybean genotypes, six with 
known aphid resistance and five that were previously observed to be aphid susceptible (Hill, et 
al. 2004; Li, et al. 2004), were planted into two adjacent pots in each block (flat).  The 
experimental units were the two adjacent pots of each genotype in each replication.  Seed was 
planted in a soil-less mix (Sunshine Mix, LC1, Sun Gro Horticulture Inc., Bellevue, WA) and 
topped with a few pellets of slow release fertilizer (Osmocote 19-6-12) spread over the surface of 
each pot.  The test was completed in a growth chamber (Conviron E15, Winnipeg, MB, Canada) 
with environmental setting for a 16 h photoperiod with 500 µmol m-2s-1 PAR irradiation and 
temperatures of 24°C and 18°C for day and night.  Plants were thinned to one per pot upon 
emergence.  Plants were infested when the unifoliolate leaves were beginning to expand, growth 
stage VC, (Fehr, et al. 1971) or were nearly fully expanded (growth stage V1) by evenly 
spreading detached aphid-infested stems and leaves (up to 500 aphids of all life stages per plant) 
over the top of the seedlings in all three flats (Li, et al. 2004). 
 
No-choice tests 
Two no-choice experiments were conducted using previously described protocols (Hill, 
et al. 2010) to compare differences in colonization by the Moline and biotype 3 isolates on 
different soybean genotypes.  Each experiment was set up using a factorial design with the two 
factors soybean genotype and soybean aphid isolate.  The genotype and aphid isolate treatments 
were arranged in a completely random design (CRD) with five (first experiment) and four 
(second experiment) replications. There were two tests, with different treatment randomizations, 
conducted for each of the experiments. In each test, seed was planted in 12.7 cm pots with soil-
less mix as described above.  Experimental units were single pots of each genotype with one 
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plant per pot. The biotype 3 and Moline isolates were both increased on young LD08-12957a 
(Rag2), a breeding line with Rag2, plants in separate growth chambers prior to inoculation, as 
previously described.  When unifoliolate leaves began to expand (soybean growth stages VC), 10 
second- to third-instar aphids were placed on the adaxial surface of a single unifoliolate leaf on 
each plant using a thin synthetic fiber paintbrush. Following aphid inoculation, 100 x 300 mm 
cages with 4 mm clear plastic walls and two 80 x 180 mm side windows with an open top 
covered with a silk fabric with irregularly shaped 0.1 mm openings (China silk, NFR, Vanilla; 
Rosebrand East, Secaucus, NJ) were placed over the plants and secured by pressing the cage 
down into the soil.  Each test was conducted in a growth chamber with a 16 h photoperiod at 
24°C during the day and 18°C at night. 
The first no-choice experiment used the soybean genotypes Dowling (Rag1), LD05-
16611 (Rag1), LD08-12597a (Rag2), PI 567598B (rag1b, rag3), and PI 567543C (Rag3) while 
the second no-choice experiment used the soybean genotypes, LD11-4576a (Rag1), LD11-5413a 
(Rag2), LD10-30014 (Rag1, Rag2), and PI 567598B (rag1b, rag3) (Tables 1.1 and 1.2). Biotype 
3 was shown to be virulent against Rag2 (Hill, et al. 2010); therefore, soybean genotypes LD08-
12597a (Rag2) and LD11-5413a (Rag2) were used as susceptible checks in experiments 1 and 2, 
respectively.  
 
Aphid colonization evaluation 
For the choice test, aphid colonization was rated 14 days after inoculation using an 
established 1 to 4 nominal, non-parametric rating scale distinguishing four classes of aphid 
colonization: 1 = few solitary live or dead aphids; 2 = several transient aphids with some 
viviparous aptera surrounded by a few nymphs; 3 = dense colonies; and 4 = dense colonies 
7 
 
accompanied by plant damage, including leaf distortion and stunting (Hill, et al. 2010; Hill, et al. 
2009; Hill, et al. 2006; Hill, et al. 2006).  The highest rating observed in each two-pot 
experimental unit in each replication was recorded.  Aphid colonization for the no-choice 
experiments was enumerated when susceptible check plants appeared to be fully colonized, 
approximately 14 days post-inoculation, by visually counting aphid populations on each plant 
with the aid of Optivisors (Donegan Optical Company, Lenexa, KS 66285-4308) at x10 
magnification. 
 
Statistical analyses 
Statistical analyses of the aphid count data from the no-choice tests were completed using 
JMP version 11 (SAS institute, Cary, NC).  Standard analysis of variance was performed on data 
from the no-choice experiments after aphid counts were transformed by taking the log to base 10 
of the sum of the aphid count plus one to correct for heterogeneity of variance among the 
soybean genotypes, caused by the exponential range in population sizes enumerated on different 
soybean genotypes.  Data were de-transformed prior to presentation.  Single degree of freedom 
contrasts were used to compare aphid counts of each aphid isolate on each soybean genotype.  
 
RESULTS 
 
Choice test 
High populations of the Moline isolate developed on Dwight, Loda, Pana and Williams 
82, and on PI 200538 (Rag2) and PI 243540 (Rag2).  All of those genotypes were given a rating 
of 3 or 4, which is considered a susceptible reaction.  Low populations of the Moline isolate were 
8 
 
observed on soybean genotypes Dowling (Rag1) and Jackson (Rag1), with all plants of each of 
those genotypes given a rating of 1 or 2, which is considered a resistant reaction.  Ratings for PI 
567598B (rag1b, rag3) and PI 567541B (rag1c, rag4) ranged from 1 to 3.  Ratings on PI 437696 
(Rag1, Rag2) ranged from 2 to 3.  
 
No-choice tests 
The data from the two tests conducted within each of the two experiments were combined 
for analysis as each test within an experiment had equal variances for aphid population (P > 
0.05).  A separate ANOVA was performed for each experiment. 
In the first experiment, the interaction between soybean genotypes and isolates for aphid 
population was non-significant (P > 0.05), but results of single degree of freedom comparisons 
using contrasts indicated that the population counts of the two aphid isolates were significantly 
different (P < 0.001) on genotypes Dowling (Rag1), LD05-16611 (Rag1), and PI 567598B 
(rag1b, rag3), with biotype 3 population counts consistently higher than those of the Moline 
isolate.  There were no significant differences between populations of both aphid isolates on 
either LD08-12597a (Rag2) or PI 567543C (Rag3) in this experiment.  
In the second experiment, the interaction between the soybean genotypes and the aphid 
isolate colonization was significant (P < 0.001), although there was no reversal of colonization 
between the isolates on any of the soybean genotypes.  Single degree of freedom comparisons 
using contrasts indicated there were significant (P < 0.05) differences in aphid population sizes 
on LD11-4576a (Rag1) and PI 567598B (rag1b, rag3) with biotype 3 having a significantly 
larger population size on both genotypes compared to the Moline isolate. There were no 
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significant differences in population development between the two isolates on LD10-30014 
(Rag1, Rag2) or LD11-543a (Rag2) (Table 1.2). 
 
DISCUSSION 
 
Results from this study indicated that the Moline soybean aphid isolate was able to 
colonize plants with Rag2, which differentiated it from soybean aphid biotypes 1 and 2 (Hill, et 
al. 2010; Kim and Diers 2009).  The significant differences in population counts found on 
soybean genotypes Dowling (Rag1), LD05-16611 (Rag1), LD11-4576a (Rag1), and PI 567598B 
(rag1b, rag3), distinguished the Moline from the biotype 3 isolate, as the Moline isolate had 
lower virulence on soybean genotypes with Rag1. We noted that colonization of biotype 3 on PI 
567598B in experiment 2 was greater than in experiment 1 (Table 1.2). This is most likely due to 
a lower nymph survival rate from stress during infestation in experiment 1. Since population 
growth is exponential, even a slightly lower survival rate (7 aphids compared to 10 aphids) could 
lead to drastic differences in final aphid counts.  Even with a lower survival rate in experiment 1, 
biotype 3 still differentiated from the Moline isolate. The Moline isolate was not directly 
compared with biotype 4 in this study; however, our results showed that the Moline isolate had 
low population counts on plants with Rag1, on which biotype 4 can readily colonize (Alt and 
Ryan-Mahmutagic 2013).  
Currently, different soybean aphid biotypes are distinguished by their ability to overcome 
different resistance genes (2010; Kim and Diers 2009). As such, the significant isolate x 
genotype interaction found in one of the no-choice experiments showed that the isolates had 
different virulence patterns that could indicate that they represent different biotypes. Although 
10 
 
colonization by biotype 3 on LD11-4576a (Rag1) and PI 567598B (rag1b, rag3) was higher than 
the Moline isolate, it was not as high as on plants with Rag2 or plants without any known 
resistance genes that exhibited the fully compatible interaction between the aphids and soybean 
host.  Differential virulence among the isolates occurred on genotypes that were either less 
compatible or incompatible hosts for the test isolates compared to the Rag2 hosts. Therefore, we 
propose that the virulence, determined by the ability of an organism to overcome a resistance 
gene, was not different between the isolates and that the Moline isolate represents a variant of 
biotype 3 rather than a new biotype. The Moline isolate was less aggressive than the biotype 3 
isolate because it colonized plants with Rag1 less than the biotype 3 isolate. The term 
aggressiveness has been defined in a number of different ways, and in this case we are referring 
to it as the relative ability of the aphid isolate to colonize and cause damage to soybean (D'Arcy, 
et al. 2001).  
The term biotype is widely accepted as a pseudo-taxonomic classification used to define 
phenotypic differences within a species, primarily in reference to the ability to overcome host 
resistance. The biotype concept been reviewed (Downie 2010; Painter 1941; Printz 1937), and 
the validity of the term was brought into question due to its generic definition. A main concern 
with current biotype assessments is that it does not count for heterogeneity within a biotype 
(Claridge and Den Hollander 1983; Futuyma and Peterson 1985). 
A main concern with the biotype concept as a categorical structure is that it does not 
account for quantitative variability seen within many insect biotypes (Claridge and Den 
Hollander 1983; Futuyma and Peterson 1985).  The term biotype may not be appropriate when 
used as a sub-species category in some insect species. For example, at least 33 different biotypes 
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of Bemisia tabaci have been reported, and current taxonomic treatments now indicate that B. 
tabaci is actually a species complex (Xu, et al. 2010). 
Results of our study indicated there is quantitative variation in virulence on certain host 
genotypes among the two soybean aphid biotype 3 isolates.  Similar quantitative virulence 
variation was observed among field isolates of soybean aphids tested on detached leaves with 
Rag1 (Michel, et al. 2011; Michel, et al. 2010).  This information suggests that there could be 
more genetic variability in soybean aphid populations influencing virulence and shading the 
distinction between biotypes than explained by major virulence genes alone.   
Quantitative virulence could be polygenic in inheritance.  The virulence variation found 
between the two aphid biotype 3 isolates may be controlled by ‘complex polygenic mechanisms’ 
in which different alleles at quantitative trait loci controlling virulence could modify virulence 
phenotypes, similar to brown planthopper biotypes (Diehl and Bush 1984).  The Moline isolate 
may only share a part of a virulence gene complex that may be involved in controlling the 
virulence phenotype expressed in biotype 3. 
Inter-clonal variation has been documented in several phytophagous insect species, 
including the greenbug (Homoptera: Aphididae) and pea aphids (Acyrthosiphon pisum) 
(Sandström 1994; Shufran, et al. 1992; Wilhoit and Mittler 1991).  Research on the greenbug 
showed significant inter-clonal variation in fecundity and aphid weight when tested on sorghum.  
In another study, 37 pea aphid isolates collected from two adjacent fields showed a significant 
amount of variability on different Pisum L. cultivars.  These previous studies demonstrated 
continuous fitness variation among isolates within a local region that would not fit strict 
classification into distinctive biotypes. 
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Soybean aphid virulence variation within a local region has been hypothesized to be 
caused by non-genetic sources, such as phenotypic plasticity, endosymbiont association, cyclic 
asexuality, prior host, and environmental stress (Wenger and Michel 2013).  Wenger and Michel 
(2013) also stated the likelihood that the evolution of quantitative virulence variability could be 
promoted during the co-evolution of soybean aphids with Rag genes and other resistance factors 
present in the host.   
Awareness of insect pest biotypes and their virulence has been a long-standing concern 
for all crop production. Biotypes have been reported for many different aphid species, including 
the English grain aphid, Sitobion avenae Fabricius, and the Russian wheat aphid, Diuraphis 
noxia Mordvilko (Randolph, et al. 2009; Xu, et al. 2011). The discovery of new soybean aphid 
biotypes or their variants reaffirms the importance of conducting regional surveys and collections 
of aphid isolates to understand the current virulence potential of aphid populations in particular 
geographic areas or fields.  The results of this study also confirmed the high virulence variability 
that has been found in the North American soybean aphid population, as previously discussed 
(Hill, et al. 2012).  As more sources of aphid resistance are found and characterized in soybean, 
the number of soybean aphid biotypes and biotypes variants will likely increase. Keeping track 
of dynamic soybean aphid virulence potential is a challenging task that could benefit from an 
improved system for characterizing virulence among soybean aphid isolates and populations 
considered to be biotype variants.  
Our findings signify that soybean aphid isolates sharing virulence against specific Rag 
genes, which places them into the same biotype 3 classification, are not phenotypically 
homogeneous with regard to virulence.  This finding suggests that soybean aphid virulence 
variability in North America is more complex than previously thought and should emphasize the 
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importance of multiple-site and location field testing of soybean aphid resistance.  Producers and 
extension agents should look at host resistance only as a component of integrated pest 
management and not a sole panacea. 
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Table 1.1. Soybean genotypes used in three experiments to evaluate the virulence of the aphid 
isolate from Moline, Illinois 
Genotype Resistance gene Source† Experiment type Reference 
Dowling Rag1 Public cultivar Choice & no-choice 1 Hill et al., 2006a 
Jackson Rag1 Public cultivar Choice Hill et al., 2006b; 2012 
LD05-16611 Rag1 Breeding line No-choice 1  
LD11-4576a Rag1 Breeding line No-choice 2  
PI 567541B rag1c, rag4 Germplasm accession Choice  Mensah et al., 2005 
LD10-30014 Rag1, Rag2 Breeding line No-choice 2  
PI 437696 Rag1, Rag2 Germplasm accession Choice  Fox et al., 2013 
LD08-12597a‡ Rag2 Breeding line No-choice-1  
LD11-5431a Rag2 Breeding line No-choice-2  
PI 200538 Rag2 Germplasm accession Choice  Hill et al., 2010 
PI 243540 Rag2 Germplasm accession Choice  Kang et al., 2008 
PI 567301B Rag2_PI 567301B Germplasm accession Choice  Jun et al., 2012 
PI 567543C Rag3 Germplasm accession No-choice-1 Zhang et al., 2010 
PI 567598B rag1b, rag3 Germplasm accession All Mensah et al., 2008 
Dwight None Public cultivar Choice  Kim et al., 2009 
Loda None Public cultivar Choice  Hill et al., 2004 
Pana None Public cultivar Choice  Hill et al., 2004 
Williams 82 None Public cultivar Choice  Hill et al., 2004 
† Germplasm accessions obtained from the USDA Soybean Germplasm Collection, Urbana, IL; 
breeding lines provided by B. W. Diers, University of Illinois. 
‡ Aphid isolate increased on this genotype for over 20 generation prior to use in experiments. 
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Table 1.2. Single degree of freedom contrast analysis between the number of soybean aphids 
(biotype 3 versus an isolate from Moline, Illinois) colonizing each soybean genotype containing 
aphid resistance genes in two no-choice experiments 
 
Experiment Genotypes Biotype 3† Moline† Significance ‡ 
No-choice 1 Dowling (Rag1) 217 60 ** 
 LD05-16611 (Rag1) 226 50 ** 
 LD08-12957a (Rag2) 866 355 ns 
 PI 567598B (rag1b, rag3) 132 23 *** 
 PI 567543C (Rag3) 55 43 ns 
     
No-choice 2 LD11-4576a (Rag1) 197 17 *** 
 LD11-5413a (Rag2) 2413 1720 ns 
 LD10-30014 (Rag1/Rag2) 242 138 ns 
 PI 567598B (rag1b, rag3) 672 39 *** 
† Mean number of aphids per plant within each experiment based on two tests for a total of 10 
and 8 replications for experiments 1 and 2, respectively. Analysis was based log10 transformed 
data. 
‡ ** = P < 0.01; *** = P < 0.001; ns = non significant.  
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CHAPTER 2 
 
Resistance Responses of Soybean Genotypes to Pathogen Infection after the Application 
of Chemical Elicitors 
 
ABSTRACT 
 
Soybean (Glycine max) is a major crop in the United States.  Like all crops, soybeans are under 
constant threat of disease from invading pathogens and pests. One potential management method 
is to treat plants with elicitors to induce host resistance. The objective of this research was to 
determine if elicitors, previously shown to elicit defense responses in other host-pathogen 
interactions, could induce resistance in soybean. Two soybean genotypes producing high and low 
amounts of reactive oxygen species (ROS) after elicitation were selected for field experiments. 
In two consecutive growing seasons, five different elicitors and a water control were applied to 
foliage of both genotypes. Foliage and stems were evaluated for disease incidence and severity 
weekly and post-harvest.  Overall, elicitors reduced disease severity in the soybean genotype 
with high ROS more than in the genotype with low ROS, and the specific reduction of a 
particular disease was associated with elicitor type in each year. In year 1, significant reductions 
occurred for anthracnose after treatment with benzothiadiazole; the same trend was found for 
charcoal rot after elicitation with phenylalanine and pod and stem blight after elicitation by 
chitosan in year 2 on the high ROS response genotype. In addition to the field studies, several 
greenhouse experiments were completed using additional soybean genotypes.  Plants of genotype 
LD00-2817p survived at a higher rate after inoculation with Phytophthora sojae when treated 
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with BTH, phenylalanine, and salicylic acid compared to a susceptible genotype. The current 
study showed the effectiveness of chemical elicitors and the potential to modify genotypes to 
effectively respond to elicitation to increase resistance to a broad spectrum of pathogens. 
 
INTRODUCTION 
 
Plants are under constant attack by invading pathogens, thus they possess numerous 
natural defense mechanisms in response to these invasions. Plants deter infection in a multitude 
of simple to complex ways, and this is broadly referred to as resistance. There are two main 
genetic classifications of plant resistance. Qualitative resistance is usually single-gene and is 
more commonly effective among pathogens with narrow host ranges, while quantitative 
resistance is usually multi-genic and more commonly effective among pathogens with board host 
ranges (Agrios 2005).  There are many examples of qualitative and quantitative resistance in 
crop plants. For example, in soybean, qualitative resistance has been reported for pathogens that 
cause Phytophthora root and stem rot and soybean rust (Hartman, et al. 1999). In both of these 
cases, single, dominant genes in the host have been shown to be effective against certain isolates 
of the pathogen, resulting in complete resistance, which is usually displayed as a hyper sensitive 
response. Quantitative resistance, or partial resistance, is a type of resistance displayed in the 
host as varying levels of susceptibility and often is thought of as a preferred method of disease 
management because of less selection pressure on the pathogen population (Agrios 2005). 
Quantitative resistance is commonly used against pathogens with broad host ranges, such as 
charcoal rot and Sclerotinia stem rot. Both types of resistance may encompass defense 
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mechanisms that either are active at all times, referred to as constitutive resistance, or that are 
activated at the time of infection, referred to as induced resistance (Sticher, et al. 1997).  
The activation of induced host resistance mechanisms has been separated into two main 
groups; induced systemic resistance (ISR) and systemic acquired resistance (SAR). They vary 
depending on biochemical and physiological differences (Vallad and Goodman 2004). SAR 
stimulates accumulation of salicylic acid and pathogenesis-related proteins by being exposed to 
elicitors from virulent, avirulent, or nonpathogenic microbes or artificial chemical stimuli such as 
chitosan or salicylic acid (Vallad and Goodman 2004). There are many examples that show 
inducing SAR increased disease resistance to a number of pathogens and pests, including 
Ascochyta fabae and Uromyces viciae-fabae on faba bean and Meloidogyne incognita and 
Ralstonia solanacearum on tomato (Molinari and Baser 2010; Pradhanang, et al. 2005; Sillero, et 
al. 2012). 
 ISR has been shown to be dependent on plant growth promoting rhizobacteria (Pieterse, 
et al. 1998). It also can be activated by strains of species of Bacillus, Psuedomonas spp., or other 
non-pathogenic bacteria and is associated with the jasmonate and ethylene pathways and does 
not require salicylic acid accumulation (Vallad and Goodman 2004). ISR has been induced by 
the application of Bacillus spp. on rice where it was protected from bacterial leaf blight 
(Udayashankar, et al. 2011). Trichoderma spp. have also shown to induce ISR, increasing 
resistance to bacterial, fungal, and viral pathogens on a number of hosts, including Botrytis 
cinerea on beans, lettuce, pepper, and tomatoes, also Colletotrichum orbiculare, and 
Pseudomonas syringae pv. lachrymans on cucumber, Phytophthora capsici on pepper, and 
Cucumber green mosaic virus on tomato  (Ahmed, et al. 2000; De Meyer, et al. 1998; Koike, et 
al. 2001;; Vitti, et al. 2014;  Yedidia, et al. 2003). The SAR pathway has been studied more and 
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is better understood than the ISR pathway, though both have been shown to induce general 
resistance towards bacterial, fungal, and viral pathogens as well as nematodes and other pests 
(Benhamou, et al. 1994; Holopainen, et al. 2009; Karabay, et al. 2002; Murphy, et al. 1999; 
Ramamoorthy, et al. 2001; Rinaudo, et al. 1981). There are only a few studies evaluating 
chemical elicitors inducing resistance in soybean (Abdel-Monaim, et al. 2011; Cruz, et al. 2014; 
Dann, et al. 1998; Faessel, et al. 2008; Han, et al. 2013; Nafie and Mazen 2008; Prapagdee, et al. 
2007; Srinivas and Danielson 2001) with the majority of studies have focused on horticultural 
crops.  
Currently, there are a number of commercial products registered as resistance elicitors 
including Actigard (Syngenta), Elexa (Glycogenesys Inc), Employ (H&T Health Promoter), and 
Oryzemate (Zelam Ltd). Most commercial products have been marketed to induce resistance in a 
broad range of hosts, although there are currently none registered for application on soybean. 
Along with these commercial products, non-commercial compounds in these products such as 
chitosan, harpin, and salicylic acid have been tested for induced host resistance.  
One of these products, Actigard (Syngenta Inc., Basel, Switzerland), has 50% active 
ingredient of benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester (BTH). BTH primes 
plants by stimulating accumulation of mitogen-activated protein kinase 3 (MPK 3)(Beckers and 
Conrath 2007). MPK3 is a major signaling enzyme that activates multiple defense pathways 
(Beckers and Conrath 2007). BTH was shown to reduce the severity of Sclerotinia sclerotiorum 
on soybean by up to 60% in field trials (Dann, et al. 1998). One study showed that Actigard 
activated defenses of Arabidopsis thaliana to reconfirm that BTH had a positive impact on 
resistance to S. sclerotiorum (Guo and Stotz 2007).  Although many studies similar to these have 
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been done showing its effectiveness, Actigard is not marketed for use on soybean, but it is 
marketed on cucurbits, lettuce, and tobacco (Syngenta.com). 
Employ (Plant Health Care, Inc, Pittsburgh, PA) is a commercial chemical used mainly 
on horticultural crops with harpin as the active compound, which is a protein produced by a wide 
range of gram negative bacteria, that conditions plants against invading pathogens by activating 
numerous SAR pathways, and it induces the jasmonic acid/ethylene defense pathway as well 
(Jones 2001). Employ is not marketed for soybeans specifically, but is marketed for both 
greenhouse and field crops including legumes.  
Chitosan is a derivative of chitin, it is found in the cell walls of fungal pathogens, and it is 
involved in pathogen recognition (Khan, et al. 2003). Chitin and chitosan stimulate enzymatic 
activity of phenylalanine ammonia-lyase (PAL) and tyrosine ammonia-lyase (TAL), both of 
which are important players in the phenylpropanoid pathway because they catalyze secondary 
metabolites such as phytoalexins, lignin, and flavonoid pigments (Khan, et al. 2003). 
Phenylalanine is part of the first step in activating the phenylpropanoid pathway (Sticher, 
et al. 1997).  Deamination of phenylalanine to cinnamic acid by the enzyme phenylalanine 
ammonia-lyase (PAL) provides precursors to lignin formation and phytoalexin accumulation 
(Lygin, et al. 2013; Sticher, et al. 1997).  Lignification strengthens cell walls which makes them 
more resistant to degradation by enzymes (Sticher, et al. 1997). 
Salicylic acid is an endogenous signal for SAR and is an elicitor in a lot of induced 
resistance studies because of its main role in the defense pathway. Accumulation of salicylic acid 
is the first step in induction of pathogenesis-related proteins (PRs) (Sticher, et al. 1997). PRs are 
chitinases and β-1,3-glucanases among others and play a role in either preventing or slowing 
colonization of pathogens into the host (Sticher, et al. 1997). 
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Quantitative trait loci (QTL) in soybean genotypes that contain genes that express 
microbe-associated molecular pattern triggered immunity (MTI) were mapped to potentially 
breed soybeans with greater MTI to strengthen defense responses to threatening pathogens 
(Valdés-López, et al. 2011). MTI responses are stimulated by microbe- or pathogen-associated 
molecular patterns that are activated by the perceived presence of an invading pathogen. This is 
the same as induced resistance. MTI responses are very complex and have a wide range of 
defense mechanisms including production of phytoalexins, callose deposition, changes in 
cytoplasmic calcium levels, and production of reactive oxygen species (He, et al. 2007). In one 
study, the MTI oxidative burst was measured in soybean genotypes after induction of resistance 
from two elicitors; chitin, a compound found in fungal cell walls, and a conserved 22-amino acid 
peptide from bacterial flg22, a protein found in the bacterial flagella known to have virulence 
factors (Valdés-López, et al. 2011). The treatments stimulated both the ISR and the SAR 
dependent pathways. This test distinguished different lines with varying levels of the MTI 
oxidative bursts as well as expression of MTI response genes. Strong levels were considered to 
have high oxidative bursts (approx. 1700 relative luminescence units (RLU) triggered by a 
mixture of both elicitors and weak levels had low oxidative bursts (approx. 200 RLU) triggered 
by the elicitor mixture. From this, two genotypes were selected with different response levels and 
tested for their ability to suppress pathogen colonization. The results showed significant 
differences in resistance to both P. syringae pv. glycinea and S. sclerotiorum. This research 
showed that soybean genotypes varied in their response to induce systemic resistance when 
activated by an exogenous elicitor, and this response was mapped with QTL.  This concept of 
induced resistance needs further validation under field and greenhouse settings to confirm that 
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these genotypes with low and high ROS provide differences on a larger scale and with a larger 
survey of soybean pathogens.   
The objective of this study was to quantify the response of two soybean genotypes when 
several different types of exogenous elicitors were applied in field and greenhouse conditions. 
Chemical elicitors were chosen based on their variability in stimulating different defense 
pathways or stages of the same pathway involved in SAR.    
 
MATERIALS AND METHODS 
 
Plant material 
Seeds of LD00-2817p (strong ROS response to elicitors) and LDX01-1-65 (weak ROS 
response to elicitors) were obtained from Dr. Brian Diers at the University of Illinois (Diers, et 
al. 2005; Diers, et al. 2010; Valdés-López, et al. 2011). For greenhouse assays, appropriate check 
genotypes were included for each pathogen tested to ensure accuracy of the experiment.  
 
Elicitor treatments 
Six treatments consisting of three commercial chemicals, two commercial products, and a 
water control were applied to soybean plants as foliar sprays at different rates depending on prior 
research or recommended commercial concentrations. For field trials, Actigard (50% BTH) was 
applied at a rate of 23 g/ha (0.33 oz /acre) as recommended by the product information. Chitosan 
was applied at the rate of 9 g/ha (0.13 oz /acre), as recommended by the amount of chitosan used 
commercially (AgrilHouse Brands Ltd, Denver, CO). Employ (1% harpin) was applied at a rate 
of 140 g/ha (2.0 oz/acre) as recommended by the manufacturer. Phenylalanine was applied at a 
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rate of 37 g/ha (0.53 oz/acre) based on prior research within this lab. Salicylic acid was applied 
at a rate of 42 g/ha (0.60 oz/acre), which was based on rates recommended for commercial 
products (G. P. Solutions, Labelle, FL). For greenhouse assays, concentrations were calculated 
from field applications based on recommended rates. Treatment concentrations used were 0.08 
g/L Actigard (50% BTH), 0.05g/L chitosan, 0.30 g/L Employ (1% Harpin), 0.20 g/L 
phenylalanine, and 0.03 g/L salicylic acid.  
 
Field trials 
In 2012 and 2013, field experiments were conducted at the Crop Sciences Research and 
Education Center in Urbana, IL. The preceding crops were corn for the 2012 experiment and 
soybean for the 2013 experiment. 
The experimental design in 2012 was a split plot in randomized complete block design 
with four blocks of alternating rows of LD00-2817p and LDX01-1-65 planted at 20 seeds/meter 
as the main plot. Six treatments were randomized within the main plots. Each experimental unit 
consisted of a single row 1 m long.  In 2013, the experimental design was a completely 
randomized design with four replications of the two genotypes by six treatments totaling 48 
individual plots. Plots were one row wide by 3 meters long with a fill row between plots. Rows 
were spaced 76 cm apart. LD00-2817p was planted at 18 seeds/meter and LD0X1-1-65 was 
planted at 23 seeds/meter.  
Treatments were applied weekly in 2012 and biweekly in 2013 starting at emergence and 
continuing until plants reached growth stage R7. Treatments were applied with a backpack 
sprayer containing a single nozzle boom with an 8002VS flat spray nozzle set at 30 psi (Teejet 
technologies, Springfield, Illinois). The treatments were applied at a rate of 187 l/ha. 
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Diseases were rated weekly once plants reached the V2 growth stage. Diseases were rated 
for percent incidence and given a severity rating (0-5) on per plot basis. Green stem disorder 
ratings were done in the field prior to harvest by estimating the percentage of plants in plot with 
green stem disorder. 
Post-harvest stem ratings were done at the end of the growing season in each year by 
examining 10 plants per plot. Incidence ratings were taken as a percentage of the ten stems with 
signs or symptoms of the pathogen. Severity ratings were recorded from 0 to 5 using a pre-
transformed scale where 0 = no visible detection, 1 = 1-10%, 2 = 11-35%, 3 = 35-65, 4 = 66-90, 
and 5 = 91-100% of the stem or sampled area covered. Each stem from each plot was evaluated 
separately. The diseases evaluated, using the scale described above, were anthracnose on the 
outside of stems as acervuli, Cercospora blotch on the outside of stems as discolored lesions, 
charcoal rot on the inside of stems as sclerotia, and pod and seed blight on the outside of stems as 
pycnidia.  
 
Greenhouse and laboratory trials 
Experiments were designed to evaluate the effect of treatment on the development of 
charcoal rot, Phytophthora root and stem rot, and Sclerotinia stem rot, under controlled 
conditions suitable for each pathogen assay.  
For greenhouse trials, all plant material was planted using a soil-less mix (Sunshine Mix, 
LC1. Sun Gro Horticulture, Inc.) and topped with slow release fertilizer (Osmocote 19-6-12, 1-2 
pellets per cm2) spread over the surface of each pot. Plants were grown in a greenhouse or 
growth chamber under 500 mol-1light with a 16 hour photoperiod prior to inoculation. 
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Treatments were applied 72 hours prior to inoculation by the use of a 0.5 L hand-powered spray 
bottle set as a light mist. Plants were sprayed until run off. 
All pathogens used were taken from the soybean pathogen collection at the Laboratory 
for Soybean Disease and Pest Research in Urbana, IL. Pinetree, a Macrophomina phaseolina 
isolate was obtained from John Rupe at the University of Arkansas from Pinetree, AK. Race 17 
(virulence formula 1b, 1d, 3a, 6, 7) was used for the Phytophthora root rot assay. Rudd, a S. 
sclerotiorum isolate was used for Sclerotinia stem rot assay.  
 
Charcoal rot assay 
For the charcoal rot assay, the cut-stem technique was used to evaluate the response of 
genotypes to infection by M. phaseolina (Twizeyimana et al 2012). Salicylic acid was used 
because its application suppressed infection based on a preliminary evaluation (Appendix B). 
Along with LDX01-1-65 and LD00-2817p, soybean genotypes Pharaoh, a susceptible check, and 
DT97-4290, a moderately resistant check, were included in the experiment, which was a split-
plot randomized complete block design with treatment as the main plot and genotype as the 
subplot. There were six replications in each of two trials that received different randomizations. 
In each trial, seeds were planted in 18-cell flats as described above.  Experimental units were 
four plants in one cell.  Four seeds were equally distributed within a cell. When the second 
trifoliolate was fully expanded, plants were cut 25 mm above the unifoliolate node. A 100 µl 
pipette tip was placed into the agar of an actively grown culture of M. phaseolina, removing a 
plug of infested agar which was then pressed firmly down onto the wounded soybean tip. The 
experiment was conducted in a greenhouse held at a constant 30ºC with a 16 hour photoperiod. 
Lesion lengths were recorded 14 days post inoculation.  
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Phytophthora root and stem rot assay 
BTH, phenylalanine, salicylic acid, and a water control were selected as treatments to 
evaluate disease response of different soybean genotypes. Genotypes Sloan and Union (Rps1a) 
were used as susceptible and resistant controls, respectively. The experiment was a split-plot 
randomized complete block design with treatment as the main plot and genotype as the subplot. 
Each trial consisted of six replications and was repeated once with a different randomization. 
The 18-cell inserts were placed inside a flat with holes for drainage (Hummert International). 
Four seeds were placed in each pot equidistant apart. At growth stage V1, when the unifoliolates 
were fully expanded, the plants were inoculated with P. sojae by placing a 5 mm plug removed 
from the edge of an actively growing culture on V8 agar on the hypocotyl of each seedling. The 
plug was secured using a thumbtack. The flats were then placed in a mist chamber for 48 hours. 
Afterwards the plants were kept in a greenhouse at a constant 24ºC with a 16 hour photoperiod.  
Plants were evaluated 6 days post-inoculation by recording plant survival. 
 
Sclerotinia stem rot assay 
Chitosan and salicylic acid were selected because they suppressed Sclerotinia stem rot in 
a preliminary screen (Appendix C). The experiment was a completely randomized design and 
consisted of two trials with different randomizations. There were four replications per trial. In 
each trial, seeds were planted in 12.7 cm pots.  Experimental units were single pots. Six seeds of 
each genotype were equally distributed. When soybean plants reached growth stage V6, the tops 
of the plants were cut using a razor blade 25 mm above the 5th trifoliolate node. A 100 µl pipette 
tip was placed into the agar of an actively growing culture of S. sclerotiorum, removing a plug of 
infested agar which was then pressed firmly down onto the wounded soybean tip. Plants were 
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incubated in a mist chamber for 48 hours before being placed in a greenhouse held at a constant 
22ºC with a 16 hour photoperiod.  Lesion lengths were taken 14 days post-inoculation to assess 
the progression of the disease.  
 
Statistical analyses 
For all disease ratings, a standard analysis of variance was performed using JMP version 
10 (SAS institute, Cary, NC).  For field experiments, in-season disease ratings were recorded in 
both years weekly. For post-harvest incidence and severity ratings of stem diseases, single 
degree of freedom linear contrasts were used to compare the two different genotypes within a 
treatment as well as to compare the five chemical elicitors against the water control within a 
genotype. For greenhouse experiments, means separation was done using Fisher’s least 
significant differences test, except for the Sclerotinia stem rot assay, which was analyzed using 
single degree of freedom contrasts to compare the chemical elicitors against the water control 
within a genotype. 
 
RESULTS 
 
2012 In-season disease incidence and severity 
Foliar disease ratings were not analyzed because of the lack of symptom development. 
LDX01-1-65 had a significantly lower incidence of green stem disorder, but there was no 
significant genotype x treatment interaction (data not shown). 
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2012 Post-harvest disease incidence 
There were no significant genotype x treatment interactions for anthracnose, Cercospora 
blotch, or pod and stem blight incidence, but there was a significant interaction for charcoal rot 
incidence (Table 2.1). There were significant differences (P < 0.05) found between genotypes for 
anthracnose, Cercospora blotch, and pod and stem blight incidence. There were no significant 
differences found between any of the treatments to the water control within a genotype for 
Cercospora blotch and charcoal rot incidence for LD00-2817p or any of the diseases for LDX01-
1-65. Disease incidence was lower (P < 0.05) on LD00-2817p for anthracnose when treated with 
BTH and for pod and stem blight when treated with harpin compared to the water control (Table 
2.2). Within a treatment, incidence was significantly lower on LDX01-1-65 than LD00-2817p 
when treated with chitosan for charcoal rot and pod and stem blight, with phenylalanine for 
Cercospora blotch and pod and stem blight, with salicylic acid for anthracnose, charcoal rot, and 
pod and stem blight, and with the water control for anthracnose, charcoal rot, and pod and stem 
blight (Table 2.2). 
 
2012 Post-harvest disease severity 
There were significant (P < 0.05) genotype x treatment interactions for anthracnose, 
Cercospora blotch, and pod and stem blight severity (Table 2.1). There were no significant 
differences found between the treatments and the water control for charcoal rot and pod and stem 
blight on LD00-2817p or for anthracnose and Cercospora blotch on LDX01-1-65. On LD00-
2817p, treatment of BTH significantly reduced disease severity compared to the water control for 
anthracnose, and treatment of salicylic acid significantly increased disease severity for 
Cercospora blotch (Table 2.2).  On LDX01-1-65, the treatment of BTH significantly increased 
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disease severity of charcoal rot and pod and stem blight. Within a treatment, disease severity was 
significantly lower on LD00-2817 than LDX01-1-65 when treated with BTH for anthracnose and 
with harpin for Cercospora blotch. Disease severity was significantly higher on LD00-2817p 
than LDX01-1-65 when treated with Chitosan for charcoal rot and pod and stem blight, with 
harpin for anthracnose, Cercospora blotch, and pod and stem blight, with phenylalanine for pod 
and stem blight, with salicylic acid for Cercospora blotch, charcoal rot, and pod and stem blight, 
and with the water control for charcoal rot and pod and stem blight.  
 
2013 In-season disease incidence and severity 
In 2013, no significant differences were found for severity of bacterial blight and Septoria 
brown spot on field grown plants, and incidence of green stem disorder between the genotypes or 
among the treatments (data not shown).   
 
2013 Post-harvest disease incidence 
There were no significant genotype x treatment interactions for any of the diseases, but 
there were significant differences found between genotypes for Cercospora blotch and charcoal 
rot (Table 2.3). There were no significant differences between the treatments and water control 
for any of the treatments on LDX01-1-65 or for anthracnose, Cercospora blotch, or pod and stem 
blight for LD00-2817p (Table 2.4). For charcoal rot incidence, treatment with phenylalanine 
significantly (P < 0.05) reduced incidence on LD00-2817p.  Within a treatment, LD00-2817p 
had significantly lower disease incidence than LDX01-1-65 when treated with BTH for charcoal 
rot, with chitosan for Cercospora blotch, charcoal rot, and pod and stem blight, and with 
phenylalanine for charcoal rot.  
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2013 Post-harvest disease severity 
There were no significant genotype x treatment interactions for any of the diseases. There 
were significant main effects for Cercospora blotch and charcoal rot severity (Table 2.3). Within 
a genotype, disease severity of Cercospora blotch was higher from treatment with BTH 
Cercospora blotch, and disease severity of charcoal rot and pod and stem blight were reduced 
with treatment with phenylalanine and chitosan, respectively, on LD00-2817p. Disease severity 
of charcoal rot and pod and stem blight were reduced with treatment of salicylic acid on LDX01-
1-65 (Table 2.4). Within a treatment, LD00-2817p had significantly lower disease severity for 
charcoal rot than LDX01-1-65 when treated with BTH, for Cercospora blotch and charcoal rot 
when treated with chitosan, phenylalanine, salicylic acid, and water control, and for charcoal rot 
when treated with harpin. 
 
Charcoal rot assay 
There was a significant genotype x treatment interaction (P < 0.05) (Table 2.5). Lesion 
length was largest (P = 0.05) for Pharaoh (55 mm) treated with water, but no other differences 
were recorded between salicylic acid and the water control for the other three genotypes (Fig. 
2.1). Lesion length was lowest for DT97-4290 (22 mm) treated with salicylic acid, which 
differed (P = 0.05) from all other treatments except the water control in DT97-4290 and LDX01-
1-65 treated with salicylic acid.  
 
Phytophthora root and stem rot assay 
The main effects for treatment and genotype were highly significant (P < 0.001 and P < 
0.0001, respectively) (Table 2.5) and there was a significant treatment x genotype interaction (P 
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< 0.05). For the resistant checks, Union and LDX01-1-65, all the plants survived (Fig. 2.2). For 
Sloan, all the plants died in the water control while treatment from all three chemical elicitors 
resulted in a higher (P = 0.05) plant survival than the control. For LD00-2817p, 6% of the plants 
survived in the water control while all three chemical elicitors had higher (P = 0.05) survival 
rates than the control.  The phenylalanine treated plants had higher (P = 0.05) survival rates 
(57%) than the other two treatments.   
 
Sclerotinia stem rot assay 
The main effect for genotype was highly significant (P < 0.0001), but the main effect for 
treatment and the genotype x treatment interaction were not significant (Table 2.5). There were 
no differences found within a genotype for DSR-2400, LD00-2817p, or LDX01-1-65. For 
Fairbault, the application of chitosan decreased disease severity from 209 mm on the water 
control to 192 mm (Fig. 2.3).  
 
DISCUSSION  
 
In comparing the performance of the all the elicitors, BTH was overall the most effective 
treatment inducing a disease resistance responses of soybeans against a number of pathogens. In 
the field, at least in one year, the application of BTH lowered both incidence and severity of 
anthracnose. BTH has been shown to lower disease severity caused by a number of 
Colletotrichum spp. on a number of hosts including banana, common bean, cucumber, and 
tobacco (Bigirimana and Höfte 2002; Cortes‐Barco, et al. 2010; Lin, et al. 2009; Xueping, et al. 
2013). In the greenhouse, survival rate after inoculation with P. sojae on LD00-2817p and Sloan 
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was higher after the application of BTH. Similar reactions have been shown when lesion lengths 
caused by P. sojae on a compatible soybean genotype were significantly reduced by application 
of BTH (Han, et al. 2013).  BTH is a well-studied chemical that induces resistance in many 
hosts, including soybean to brown stem rot, Fusarium wilt, Phytophthora root rot, Rhizoctonia 
root rot, and Sclerotinia stem rot (Abdel-Monaim, et al. 2011; Dann, et al. 1998; Faessel, et al. 
2008; Han, et al. 2013; Nafie and Mazen 2008). The results from this study confirm the 
effectiveness of BTH as a means to induce disease resistance.  
Chitosan previously showed some impact on disease, but it was not very effective in this 
study.  In the field, chitosan lowered the severity of pod and stem blight on LD00-2817p in one 
year but not the other. In the greenhouse, chitosan reduced severity of S. sclerotiorum on the 
susceptible check, Fairbault, but not the partially resistant genotype. This agrees with previous 
studies where chitosan was shown to reduce disease severity of S. sclerotiorum on carrots and 
oilseed rape (Molloy, et al. 2004; Yin, et al. 2013). Other studies found chitosan to effectively 
induce resistance (Li, et al. 2012; Sharathchandra, et al. 2004), although only one of these studies  
us soybean (Prapagdee, et al 2007)  as a host, and most studies evaluated antifungal properties 
(Chatterjee, et al. 2014; Li, et al. 2012; Muñoz, et al. 2009; Prapagdee, et al. 2007).   
Harpin did not reduce the incidence or severity of any of the soybean diseases.  
Exogenous application of harpin is known to stimulate the ethylene defense pathway (Dong, et 
al. 2004), which has been shown to induce partial resistance to M. phaseolina in Medicago 
truncatula (Gaige, et al. 2010).  We did not record any reduction in lesion length measurements 
in our M. phaseolina assay. 
Phenylalanine is the first chemical in the phenylpropanoid pathway, and although not 
commercially available, would be expected to be a good elicitor of resistance.  In the field, 
38 
 
phenylalanine reduced disease incidence and severity, which was charcoal rot on LD00-2817p. 
In the greenhouse, phenylalanine significantly increased the survival rate caused by P. sojae on 
LD00-2817p and Sloan, but it was not effective in reducing the severity of charcoal rot. 
Phenylalanine-ammonia lyase activity is up-regulated in soybean when plants were threatened by 
P. sojae (Moy, et al. 2004). There are few studies evaluating the effects of exogenous 
applications of phenylalanine, but this compound has been shown to increase phenylalanine 
ammonia-lyase (PAL) activity and reduced conidial germination of Erysiphe pisi on pea leaves 
(Bahadur, et al. 2012).  
In the field, there were no or negative impacts on disease severity after the application of 
salicylic acid; however, in the greenhouse, salicylic acid was effective in reducing disease 
severity. In the greenhouse, salicylic acid was shown to increased disease resistance against M. 
phaseolina and P. sojae on highly susceptible genotypes. To our knowledge there are no studies 
claiming salicylic acid as an effective elicitor on soybean; however, in previous studies o-
acetylsalicylic acid reduced the incidence of M. phaseolina colonization on chickpeas 
(Srivastava, et al. 2001), and its derivative, BTH, reduced disease severity of P. sojae on soybean 
seedlings (Han, et al. 2013). Methyl salicylate was found to be ineffective on Medicago 
truncatula, but the study was done looking at foliar applications and its impact on root infection 
(Gaige, et al. 2010).  
Though there were significant differences found in the field in both years, overall disease 
severity was relatively low due to the fact that both 2012 and 2013 were considered drought 
years. The first year, 2012 was the second hottest year in Illinois, with an average temperature of 
15.9ºC above normal with only 77.1 cm of rain, 25 cm below the norm (Illinois State Water 
Survey) (Fig. 2.4). The second year, 2013, started off very wet, with 73.6 cm of rainfall from 
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January to June, which delayed planting (Fig. 2.5). A drought rapidly set in with only 37.6 cm of 
rainfall from June to December, 14.1 cm below average. Despite the drought, average 
temperatures for Illinois were cooler than average. The average post-harvest disease severity 
ratings were 1 and 1.1 in 2012 and 2013, respectively. If there were more conducive conditions 
for disease development, more drastic effects from the elicitors may have occurred. 
The use of elicitors to increase plant resistance has potential to be a good management 
tool. However, at least in this study, the elicitors were not universally effective, since they were 
dependent on soybean genotypes, pathogen used, and environmental conditions.  In general, the 
elicitors were most effective in the greenhouse, under controlled conditions. The effectiveness of 
these elicitors was also specific to the pathogen as well as the genotype, with the greatest impact 
on susceptible genotypes. This has been reported 2,6-dichloroisonicotinic and benzothiadiazole 
had a great impact on more susceptible cultivars of soybean when they were inoculated with S. 
sclerotiorum. In the current study, there were significant genotype x treatment interactions and, 
overall, elicitors showed a decrease in disease severity on LD00-2817p, which shows the 
potential to optimize genotypes to respond to a specific elicitor dependent on the disease. Further 
research is required to fully understand the mechanisms behind the induction of SAR to increase 
effectiveness of chemical elicitors. 
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Table 2.1. Analysis of variance summary for post-harvest stem disease ratings on field collected 
stems that were treated during the growing season with five chemical elicitors or a water control 
in 2012 
Disease rating Source of variation† df F Ratio Significance‡ 
Anthracnose incidence Genotype§ 1 10.190 * 
 
Block¶ 3 0.275 ns 
 
Treatment 5 1.691 ns 
 
Genotype x treatment 5 1.278 ns 
Cercospora blotch incidence Genotype 1 16.615 * 
 
Block 3 4.385 ns 
 
Treatment 5 0.374 ns 
 
Genotype x treatment 5 0.509 ns 
Charcoal rot incidence Genotype 1 6.483 ns 
 
Block 3 0.982 ns 
 
Treatment 5 1.160 ns 
 
Genotype x treatment 5 2.852 * 
Pod and stem blight incidence Genotype 1 64.672 ** 
 
Block 3 0.836 ns 
 
Treatment 5 0.803 ns 
 
Genotype x treatment 5 1.785 ns 
Anthracnose severity Genotype 1 0.903 ns 
 
Block 3 0.596 ns 
 
Treatment 5 1.871 ns 
 
Genotype x treatment 5 3.182 ** 
Cercospora blotch severity Genotype 1 0.001 ns 
 
Block 3 2.949 ns 
 
Treatment 5 0.538 ns 
 
Genotype x treatment 5 3.765 ** 
Pod and stem blight severity Genotype 1 300.767 ** 
 
Block 3 13.810 ns 
 
Treatment 5 1.051 ns 
  Genotype x treatment 5 2.246 * 
† Genotypes, blocks, and treatments were fixed effects 
‡ * = P < 0.05, ** = P < 0.01, ns = non-significant 
§ Genotypes were LD00-2817p and LDX01-1-65 
¶ Treatments were BTH, chitosan, harpin, phenylalanine, salicylic acid, and a water control  
There was no analysis of variance calculated for charcoal rot severity in 2012 due to very little 
disease development 
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Table 2.2. Post-harvest stem ratings† of soybean genotypes after the application of five elicitors or a water control in 2012 
Genotype 
 
Treatment 
 
Anthracnose        
Incidence‡    Severity§ 
Cercospora blotch 
Incidence    Severity 
Charcoal Rot    
 Incidence   Severity 
Pod and Stem Blight         
Incidence    Severity 
LD00-2817p BTH 50*¶ 0.575*# 90 1.250 28 0.300 63 0.925 
 
Chitosan 85 1.047 100 1.365 60# 0.478# 78# 1.124# 
 
Harpin 70 1.200# 98 1.075# 20 0.250 48* 0.750# 
 
Phenylalanine 68 0.643 100# 1.323 35 0.208 80# 0.973# 
 
Salicylic Acid 95# 1.122 100 1.579**# 53# 0.411# 83# 1.230# 
  Water 88# 1.011 98 1.095 43# 0.381# 85# 1.0598# 
LDX01-1-65 BTH 58 1.051# 88 1.183 25 0.335** 40 0.674* 
 
Chitosan 63 0.850 93 1.325 13# 0.175# 25# 0.4# 
 
Harpin 45 0.675# 95 1.500# 15 0.150 23 0.3# 
 
Phenylalanine 50 0.640 75# 1.183 5 0.027 33# 0.443# 
 
Salicylic Acid 60# 0.975 85 1.125# 3# 0.025# 8# 0.150# 
  Water 48# 0.700 90 1.350 5# 0.050# 15# 0.275# 
† Post-harvest stem ratings were done at the end of the growing season in each year by examining ten plants per plot 
‡ Incidence ratings were taken as a percentage of the ten stems with signs or symptoms of the pathogen 
§, Severity ratings were based on a pre-transformed scale where 0 = no visible detection, 1 = 1-10%, 2 = 11-35%, 3 = 36-65%, 4 = 66-
90%, and 5 = 91-100% of the stem or sampled area covered 
¶ Differences between the five chemical elicitors and water control within a genotype. *=P<0.05, **=P<0.01, ***=P<0.0001, and 
ns=non-significant  
# LD00-2817p and LDX01-1-65 reacted significantly different within a treatment (α=0.05) 
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Table 2.3. Analysis of variance summary for post-harvest stem disease ratings on field collected 
stems that were treated during the growing season with five chemical elicitors or a water control 
in 2013 
Experiment Source of variation† df F Ratio Significance‡ 
Anthracnose incidence Genotype§ 1 2.158 ns 
 
Treatment¶ 5 0.213 ns 
 
Genotype x treatment 5 1.388 ns 
Cercospora blotch incidence Genotype 1 14.414 *** 
 
Treatment 5 0.314 ns 
 
Genotype x treatment 5 0.534 ns 
Charcoal rot incidence Genotype 1 34.724 *** 
 
Treatment 5 1.124 ns 
 
Genotype x treatment 5 1.124 ns 
Pod and stem blight incidence Genotype 1 0.171 ns 
 
Treatment 5 0.907 ns 
 
Genotype x treatment 5 1.892 ns 
Anthracnose severity Genotype 1 0.503 ns 
 
Treatment 5 1.280 ns 
 
Genotype x treatment 5 0.667 ns 
Cercospora blotch severity Genotype 1 54.870 *** 
 
Treatment 5 2.567 * 
 
Genotype x treatment 5 1.081 ns 
Charcoal rot severity Genotype 1 100.632 *** 
 
Treatment 5 4.364 *** 
 
Genotype x treatment 5 2.092 ns 
Pod and stem blight severity Genotype 1 0.002 ns 
 
Treatment 5 1.287 ns 
  Genotype x treatment 5 2.215 ns 
† Genotype and treatment were fixed effects 
‡ * = P < 0.05, *** = P < 0.001, ns = non-significant 
§ Genotypes were LD00-2817p and LDX01-1-65 
¶ Treatments were BTH, chitosan, harpin, phenylalanine, salicylic acid, and a water control  
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Table 2.4. Post-harvest stem ratings† of soybean genotypes after the application of five elicitors or a water control in 2013 
Genotype Treatment 
Anthracnose        
Incidence‡    Severity§ 
Cercospora blotch 
Incidence    Severity 
Charcoal Rot    
Incidence    Severity 
Pod and Stem Blight         
Incidence    Severity 
LD00-2817p BTH 35 0.600 45 0.800*
 ¶ 60# 1.4# 40 0.550 
 
Chitosan 40 0.850 10
# 0.133# 75# 1.550# 20# 0.200* 
 
Harpin 65 1.400 40 0.800 80 1.850
# 65 0.850 
 
Phenylalanine 55 0.650 45 0.500
# 55*# 1.100*# 30 0.450 
 
Salicylic Acid 50 0.650 40 0.500
# 85 1.500# 45 0.750 
  Water 40 0.900 40 0.400
# 80 1.95# 40 0.750 
LDX01-1-65 BTH 73 1.267 93 0.933 100
# 3.600# 47 0.800 
 
Chitosan 70 1.250 85
# 0.900# 100# 3.350# 55# 0.700 
 
Harpin 50 0.800 85 1.200 100 3.350
# 40 0.750 
 
Phenylalanine 55 1.100 70 1.267
# 100# 3.250# 35 0.450 
 
Salicylic Acid 40 0.550 65 1.000
# 100 2.550***# 25 0.250* 
  Water 65 1.100 70 1.133
# 100 3.800# 55 0.800 
 
† Post-harvest stem ratings were done at the end of the growing season in each year by examining ten plants per plot 
‡ Incidence ratings were taken as a percentage of the ten stems with signs or symptoms of the pathogen 
§, Severity ratings were based on a pre-transformed scale where 0 = no visible detection, 1 = 1-10%, 2 = 11-35%, 3 = 36-65%, 4 = 66-
90%, and 5 = 91-100% of the stem or sampled area covered 
¶ Differences between the five chemical elicitors and water control within a genotype. *=P<0.05, **=P<0.01, ***=P<0.0001, and 
ns=non-significant  
# LD00-2817p and LDX01-1-65 reacted significantly different within a treatment (α=0.05) 
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Table 2.5. Analysis of variance summary for greenhouse experiments to evaluate disease 
resistance of soybean genotypes to three pathogens after the application of chemical elicitors 
Experiment Source of variation† df F ratio Significance‡ 
Charcoal rot assay Treatment§ 1 6.480 * 
 
Block 11 0.640 ns 
 
Genotype ¶ 3 18.450 *** 
 
Genotype x treatment 3 2.920 * 
Phytophthora stem and root 
rot assay Treatment # 3 6.307 ** 
 
Block 11 2.622 * 
 
Genotype †† 3 142.418 *** 
 
Genotype x treatment 9 2.231 * 
Sclerotinia stem rot assay Genotype ‡‡ 3 32.518 *** 
 
Treatment§§ 2 0.841 ns 
  Genotype x treatment 6 1.337 ns 
† Treatment, Block and Genotype were fixed effects.  
‡ * = P < 0.05, *** =P < 0.0001, ns = non-significant 
§ Treatments for the charcoal rot assay were salicylic acid and a water control 
¶ Genotypes for the charcoal rot assay were DT97-4290, LD00-2817p, LDX01-1-65, and 
Pharaoh 
# Treatments for the Phytophthora root rot assay were BTH, phenylalanine, salicylic acid, and a 
water control 
†† Genotypes for the Phytophthora root rot assay were LD00-2817p, LDX01-1-65, Sloan, and 
Union 
‡‡ Treatments for the Sclerotinia stem rot assay were chitosan, salicylic acid, and a water control 
§§ Genotypes for the Sclerotinia stem rot assay were DSR2400, Fairbault, LD00-2817p, and 
LDX01-1-65  
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Fig. 2.1. Lesion lengths on four soybean genotypes 14 days after inoculation with 
Macrophomina phaseolina that were treated with salicylic acid or water. Different letters above 
bars indicate means are significantly different (α = 0.05). 
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Fig. 2.2. Percent survival of four soybean genotypes 6 days post-inoculation with Phytophthora 
sojae that were treated with three elicitors or a water control. Different letters above bars indicate 
means are significantly different (α = 0.05).  
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Fig. 2.3. Lesion lengths on four soybean genotypes 14 days post-inoculation with Sclerotinia 
sclerotiorum  that were treated with chitosan, salicylic acid, or a water control. Asterisks show 
treatments within in a genotype that significantly differ by single degree of freedom contrasts (α 
= 0.05). 
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Fig. 2.4.  2012 Monthly average precipitation and high temperatures for April to October in 
Champaign-Urbana. Data were obtained from the Illinois State Water Survey. 
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Fig. 2.5.  2013 Monthly average precipitation and high temperatures for April to October in 
Champaign-Urbana. Data were obtained from the Illinois State Water Survey. 
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*An amended form of this chapter appeared in its entirety in Crop Science as Pawlowski, M.L., Hill, C.B., 
and Hartman, G.L. 2015. Resistance to charcoal rot identified in ancestral soybean germplasm. This 
article is reprinted with the permission of the Crop Science Society of America, Inc., Madison, WI USA.  
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CHAPTER 3 
 
Resistance to Charcoal Rot Identified in Ancestral Soybean Germplasm* 
 
ABSTRACT 
 
Charcoal rot, caused by the fungal pathogen Macrophomina phaseolina, is an 
economically important disease on soybean and other crops including maize, sorghum, and 
sunflowers.  Without effective cultural or chemical options to control charcoal rot in soybean, 
finding sources of genetic resistance is of high interest. In this study, 70 ancestral soybean 
genotypes were screened for resistance to M. phaseolina using a cut-stem inoculation technique 
under controlled greenhouse conditions.  Lesion progression on the stems in the first experiment 
was measured 7 to 15 days after inoculation. Three follow-up experiments were conducted to 
select and confirm the genotypes with the strongest partial resistance.  Two experiments 
evaluated lesion lengths and the third experiment evaluated seedling survival.  In the two 
experiments measuring lesion lengths, PI 548302 (42 and 38 mm) and PI 548414 (36 and 52 
mm) had significantly shorter lesion lengths than the moderately resistant genotype, DT97-4290 
(58 and 87 mm).  In the last experiment, percent survival rates of PI 548414 (88%), PI 548302 
(81%), and PI 548178 (66%) were significantly higher than survival of DT97-4290 (32%). These 
three genotypes will be useful as parents for developing soybean cultivars with charcoal rot 
resistance.   
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INTRODUCTION 
 
Soybean, Glycine max (L.) Merr., is a worldwide crop that ranks second in importance of 
field crops cultivated in the United States, with 31 million ha producing seed valued at over $43 
billion in 2013 (USDA-NASS, 2014). Abiotic stresses, pathogens, and pests are important 
constraints in soybean production (Hartman et al., 2015).  One of the fungal diseases, charcoal 
rot caused by Macrophomina phaseolina, was shown to reduce soybean yields by as much as 
15% in experimental plots (Mengistu et al., 2011).   
Macrophomina phaseolina is a soil-borne pathogen that infects over 500 plant species 
and is known to suppress yields in soybean and other economically important annual crops 
(maize, sorghum, and sunflower) and perennial crops (citrus, coconut, and jujube) (Chakraborty 
et al., 2011; Dhingra and Sinclair, 1978; Diourte et al., 1995; Gupta et al., 2012; Mengistu et al., 
2015; Pal et al., 2001), and is known to occur worldwide (Kaur et al., 2012). The fungus persists 
in soils and infected plant debris as microsclerotia. Root exudates stimulate germination of the 
microsclerotia (Gupta et al., 2012). The fungus penetrates roots by excreting cell wall degrading 
enzymes (Gupta et al., 2012; Kaur et al., 2012). The fungus then grows into the xylem and 
causes the plant to wilt by clogging up the vascular tissues in the taproot (Kaur et al., 2012). In 
soybeans, M. phaseolina can cause seedling blight during early infection episodes, but more 
commonly appears late in the season, causing wilt and/or premature senescence (Mengistu et al., 
2015).  
General recommendations to control charcoal rot include crop rotation, no-till, and 
irrigation, along with planting less susceptible soybean cultivars (Mengistu et al., 2015).  
Complete resistance to this fungus is not known, but reports of partial or reduced susceptibility to 
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infection has been reported in soybean (Mengistu et al., 2013; Paris et al., 2006; Twizeyimana et 
al. 2012) as well as in other crops like common bean, cotton, cowpea, sesame, and sorghum  
(Dinakaran and Mohammed, 2001; Muchero et al., 2011; Olaya et al., 1996; Radwan et al., 2014; 
Songa et al., 1997).  In 2006, the soybean line DT97-4290, maturity group IV originated as an F5 
single-plant selection from the cross Asgrow ‘A5979’ x Delta Pine ‘DP3478’, was registered 
with moderate resistance to M. phaseolina (Paris et al., 2006). This particular line has been used 
as a standard for comparison (Mengistu et al., 2013; Twizeyimana, et al. 2012); however, 
soybean cultivars with resistance derived from this source have not been advertised 
commercially, most likely because the genetics of resistance are unknown and molecular 
markers associated with the resistance have not been reported.  
In soybean, most evaluations for charcoal rot resistance have been based upon field trials 
(Bowen and Schapaugh, 1989; Mengistu et al., 2013; Mihail, 1987; Paris et al., 2006; Winkler et 
al., 1994).  Although field evaluations are important, results are often confounded by non-
uniform inoculum distribution, environmental factors like rainfall and temperatures, and 
differences in plant maturity which can affect disease evaluation results, especially when 
recording quantitative or partial resistance like the resistance found in soybeans to M. 
phaseolina. Recently, we developed a cut-stem method to evaluate soybean for resistance to M. 
phaseolina using controlled inoculation, semi-controlled or controlled environments, and 
juvenile plants, which obviates the effect of plant maturity (Twizeyimana et al., 2012). This 
method enables a more precise evaluation of soybean genotypes for partial resistance through 
direct measurement of lesion development or seedling death on same-age seedlings. In this 
study, the cut-stem method was used to evaluate a set of soybean ancestors and first progeny of 
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ancestors of North American public cultivars released between 1947 and 1988 (Gizlice et al., 
1994) for resistance to M. phaseolina.   
 
MATERIALS AND METHODS 
 
Soybean genotypes 
A panel of 70 ancestral lines (Gizlice et al., 1994), obtained from the USDA Soybean 
Germplasm Collection, Urbana, IL; four breeding lines from USDA-ARS Stoneville, MS; three 
breeding lines from Southern Illinois University, Carbondale, IL; and two public germplasm 
releases from universities in the Midwest were used in this study, for a total of 79 genotypes. A 
moderately resistant genotype, DT97-4290 (Paris et al., 2006), was used in all experiments, and 
susceptible soybean cultivars, LS98-3257 and Pharaoh (Twizeyimana et al., 2012), were used in 
experiments 1 and 2-4, respectively.  
 
Macrophomina phaseolina isolate  
An isolate of M. phaseolina named Pinetree (from Pinetree, AR) was selected for these 
experiments because it was previously reported as the most aggressive M. phaseolina isolate in 
the Soybean Pathogen Collection at the University of Illinois (Twizeyimana et al., 2012). The 
isolate was maintained on potato dextrose agar (PDA) in an incubator held at 24ºC.  
  
Experimental design 
In Experiment 1 there were 81 soybean genotypes evaluated, including 70 ancestral lines, 
nine public cultivars, and two checks, DT97-4290 and LS98-3257.  The genotypes were arranged 
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in a randomized complete block design (RCBD) with three blocks.   The experimental units were 
four plants of each genotype sown in a row in each block.  In Experiment 2, there were 14 of the 
70 ancestral genotypes showing the strongest comparative resistance performance in Experiment 
1 evaluated along with the checks, DT97-4290 and Pharaoh, in a RCBD with six blocks and 
four-plant experimental units. In Experiment 3, there were 8 of the 14 genotypes from 
Experiment 2 tested along with DT97-4290 and Pharaoh in a RCBD with six blocks and four-
plant experimental units.  In Experiment 4, six genotypes along with DT97-4290 and Pharaoh 
were evaluated in a RCBD with six blocks and eight-plant experimental units. Experiments 1 and 
2 were not repeated, while Experiments 3 and 4 each consisted of two trials (repeats) with 
different randomizations of the genotypes. 
 
Planting materials 
For Experiments 1-3, 48-cell plastic inserts (4 x 6 x 4 cm; Hummert Int., Earth City, MO, 
USA) were filled with soil-less mix (Sunshine Mix, LC1; Sun Gro Horticulture Inc.) and topped 
with pellets of slow release fertilizer (Osmocote 19-6-12, 1-2 pellets per cm2) spread over the 
surface of each pot. Inserts were placed inside a flat (T1020 26 x 52 x 6 cm, Hummert Int.) with 
holes for drainage. Seeds were over-sown in each pot and thinned to one plant after emergence. 
For Experiment 4, 12.7 cm diameter azalea pots were filled with soil-less mix and topped with 
pellets of slow release fertilizer. Eight pots were placed inside a flat (T1020 26 x 52 x 6 cm, 
Hummert Int.) with holes for drainage. Eight seeds were sown equidistantly apart in each pot. All 
experiments were conducted in a greenhouse maintained at 30°C, under a 16-hour photoperiod 
with µmol m-2s-1 PAR irradiation provided by 500-W high-pressure sodium vapor lamps.  Plants 
were irrigated manually on a daily basis. 
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Cut-stem inoculation  
The cut-stem inoculation technique was used in Experiments 1-3 as previously described 
(Twizeyimana et al., 2012). Soybean plants were grown to the growth stage V2 (Fehr et al., 
1971) (Experiments 1-3) and then cut 25 mm above the unifoliolate node (Experiments 1-3) with 
a sharp razor blade. A mycelial plug was taken from the growing margin of a culture of M. 
phaseolina on PDA by pressing the open end of a 200 µl pipette tip (Fisher Scientific) into the 
culture. The agar filled pipette tip was immediately placed over the cut-stem and secured by 
firmly pressing down as far as possible, embedding into the agar. A similar inoculation was 
completed for Experiment 4 except that the plants were at growth stage V1 when inoculated and 
were cut 25 mm above the cotyledonary node.   
 
Evaluation of charcoal rot resistance 
For Experiments 1-3, lesion lengths were measured. To account for tissue that potentially 
rotted away at the top of the cut-stem, measurements were taken from the unifoliolate node to the 
base of the necrotic lesion, given a value and calculated.  For example, if the base of the lesion 
did not reach the unifoliolate node, the area between the necrosis and node was measured upward 
and given a positive value (+mm). If the base of the lesion extended below the unifoliolate node, 
the lesion was measured from the node downward and was given a negative value (-mm). Length 
of necrosis was calculated by subtracting the distance (mm) between the leading edge of the 
necrosis and the unifoliolate node from 25 mm, the length of the cut-stem at time of inoculation.  
For Experiment 1, lesion lengths (mm) were measured at 7, 12, and 15 days post-inoculation, 
and the area under the disease progress curve (AUDPC) was calculated (Shaner and Finney, 
1977).  Lesion lengths in Experiment 2 and 3 were measured once, at 11 and 14 days after 
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inoculation, respectively.  The mean lesion lengths of each of the four-plant experimental units in 
Experiments 1-3 were calculated. For Experiment 4, charcoal rot resistance was determined by 
the survival rate in each pot (experimental unit) 8 days after inoculation.  AUDPC for 
Experiment 1, lesion lengths for Experiments 2 and 3, and percent survival for Experiment 4 
were analyzed.    
 
Statistical analyses 
 All tests were analyzed using JMP version 10 (SAS Institute, Cary, NC). In all 
experiments, genotypes and blocks were fixed effects.  For analysis of variance, the JMP Fit 
Model procedure was performed on the experimental unit data recorded from all of the 
experiments. For Experiment 1, the AUDPC using the midpoint rule method (Shaner and Finney, 
1977) was calculated for each plant and the mean of four plants (experimental unit) within a 
replication was used for analysis. The AUDPC was transformed using Log10 transformation to 
correct for non-constant sample error variance. The ancestral genotypes that had the 14 lowest 
AUDPC values were selected for evaluation in Experiment 2.  Experiments 2-4 were left 
untransformed because the variances were all constant. For Experiments 3 and 4, the variances of 
the data from the two repeated tests within the experiments were tested for homogeneity using 
the Brown-Forsythe test. JMP LSmeans Student’s t procedure was performed to separate the 
genotype means at α = 0.05 in all experiments. 
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RESULTS 
 
In Experiment 1, significant differences among the genotypes were found (P < 0.05) 
(Table 3.1). The mean AUDPC value was 234 with a standard deviation of 66. PI 548444 had the 
highest AUDPC value of 387, PI 548382 had the lowest AUDPC value of 100, and. DT97-4290 
the moderately resistant check, had a AUDPC value of 235 (Table 3.2). The genotypes FC 
31745, PI 240664, 248404, 535807, 548178, 548302, 548318, 548336, 548382, 548409, 548414, 
548548, 548559, and 548587 had AUDPC values ranging from 100-161, and were selected for 
further evaluation in Experiment 2.  
In Experiment 2, there were significant (P < 0.0001) differences among the soybean 
genotypes for lesion length (Table 3.1), which ranged from 85 mm on Pharaoh to 36 mm on PI 
548414 (Table 3.3). PI 535807 and PI 548318 had lesion lengths that were not significantly 
different from Pharaoh.  FC 31745, PI 248404, PI 548178, PI 548382, PI 548409, and PI 548548 
had lesion lengths not significantly different from the moderately resistant check DT97-4290, 
whereas PI 240664, PI 548302, PI 548336, PI 548414, PI 548559, and PI 548587 had lesion 
lengths significantly less than DT97-4290.  The six genotypes with lesion lengths significantly 
less than DT97-4290, as well as PI 548178 and FC 31745 that did not differ from DT97-4290, 
were selected for further evaluation in Experiment 3. 
In Experiment 3, the variances of the two tests were not significantly different (P > 0.05) 
and the data were combined for analysis. There were significant (P < 0.0001) differences among 
the different soybean genotypes for lesion length (Table 3.1), which ranged from 105 mm on 
Pharaoh to 39 mm on PI 548302 (Table 3.4).  Lesion length of moderately resistant DT97-4290 
was significantly less than susceptible Pharaoh (Table 3.4).  Lesion length of soybean genotype 
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PI 548336 was not significantly different from DT97-4290, but lesion lengths of FC 31745, PI 
240664, PI 548178, PI 548302, PI 548414, PI 548559, and PI 548587 were significantly less 
than DT97-4290.  These genotypes were selected for a final evaluation in Experiment 4. 
In Experiment 4, the variances of the two tests were not significantly different (P > 0.05) 
and the data were combined for analysis. There were significant differences among soybean 
genotypes for percent plant survival (P < 0.0001) (Table 3.1) with Pharaoh having the lowest 
survival (6%) and PI 548414 having the highest survival (88%) (Table 3.5). All six ancestral 
soybean genotypes as well as moderately resistant DT97-4290 had significantly higher percent 
plant survival than Pharaoh, the susceptible check.  Percent plant survival of genotypes PI 
240664, PI 548559, and PI 548587 were not significantly different from DT97-4290, while PI 
548178, PI 548302, and PI 548414 had significantly higher percent plant survival than DT97-
4290, with percent plant survival of PI 548414 significantly higher than that of PI 548178. 
 
DISCUSSION 
 
Results from this study indicated that three ancestral soybean genotypes had significantly 
stronger partial resistance to charcoal rot than DT97-4290, a line reported to have moderate 
resistance (Paris et al., 2006). PI 548302 and PI 548414 were consistently differentiated from 
DT97-4290 in Experiments 2, 3, and 4, and PI 548178 showed significantly stronger partial 
resistance in Experiments 3 and 4. There was a four to five-fold increase in percent plant survival 
for all three genotypes in Experiment 4 as compared to DT97-4290. 
There has been one previous report identifying soybean genotypes with higher resistance 
to charcoal rot than DT97-4290 (Mengistu et al 2013). The experiment screened 628 accessions, 
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ranging from maturity group 00 to VII from the Soybean Germplasm Collection, in the field in 
the southern United States. The study reported ten soybean genotypes (maturity groups IV-VII) 
that had significantly fewer colony forming units (CFUs) in the roots and lower stems than 
DT97-4290 and no sources of resistance in earlier maturity groups. In contrast, our study 
identified soybean genotypes with partial resistance from a wide range of maturity groups from 
000 to X, with three genotypes showing significantly higher levels of resistance than DT97-4290 
from maturity groups 000, II, and III. 
As stated, environmental factors, such as temperature and rainfall, and plant maturity 
have major impacts on the severity of charcoal rot, and must be considered when interpreting 
field studies that evaluate soybeans from a range of maturities.  Since the cut-stem technique 
allows for screening soybean genotypes in controlled environments, without regards to maturity 
group, it provides more precise data on partial resistance in all maturity groups.  
Charcoal rot resistance was evaluated in a semi-controlled environment using a 
previously established method, the cut-stem inoculation technique (Twizeyimana et al., 2012), 
which also showed good correlation of genotype ranks between cut-stem inoculation technique 
results and field trial colony forming unit (CFU) index ratings (Twizeyimana et al., 2012).  
Results of our study confirmed the differentiation between the moderately resistant genotype 
DT97-4290 and the susceptible genotype Pharaoh using the cut-stem technique that was shown 
in the earlier study (Twizeyimana et al., 2012). The efficiency and effectiveness in identifying 
potential sources of resistance using the cut-stem technique compared to field testing will 
encourage further screening of the USDA Soybean Germplasm Collection for partial resistance 
to charcoal rot with this technique. 
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To evaluate host resistance to M. phaseolina, some studies with chickpea and sesame, 
have assessed plant survival (Chattopadhyay and Sastry, 2000; Nene et al., 1981).  In our study, 
genotype rankings for survival were similar to lesion length rankings, as previously was reported 
(Twizeyimana et al., 2012).  
The three soybean genotypes with the greatest level of partial resistance to M. phaseolina 
were PI 548302 (‘Bansei’), PI 548414 (‘Sioux’), and PI 548178 (T145), which have been 
sparingly used, (0.78%, 0.02%, and 0%, respectively), in developing North American public 
cultivars (Gizlice et al., 1994).  Therefore, the existence of partial resistance in soybean to M. 
phaseolina in modern cultivars, especially without selection for charcoal rot resistance during the 
breeding process, predictably would be very small.  PI 548414, PI 548302, and PI 548178 are in 
maturity groups 000, II, and III, respectively, and will provide breeders targeting cultivars 
adapted to northern regions with charcoal rot-resistant germplasm sources.  PI 548414 and PI 
548302 are selections of PI 81021 and PI 81031, respectively (USDA-ARS, 2014). These lines 
were collected in Hokkaido, Japan and were classified as green vegetable types. Additional 
research needs to be done to determine if there is a connection between germplasm collected 
from Hokkaido, Japan and charcoal rot resistance.  Along with resistance to charcoal rot, PI 
548414 also has resistance to sudden death syndrome (Mueller et al., 2003). PI 548302 and PI 
548178 have no other known disease resistance (USDA-ARS. 2014).  The partial resistance 
found in these three ancestral soybean genotypes to M. phaseolina will become useful once 
quantitative trait loci (QTLs) associated with resistance have been identified and mapped in the 
soybean genome with markers, enabling marker-assisted selection for charcoal rot resistance.  To 
date, no QTLs controlling partial resistance to M. phaseolina have been reported in soybean.  
However, QTLs controlling resistance to M. phaseolina have been identified in common bean, 
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cowpea, and sorghum (Hernández-Delgado et al., 2009; Muchero et al., 2011; Reddy et al., 
2008).  Future plans are to develop mapping populations derived from crossing these three PI 
accessions with elite soybean breeding lines that will be used to identify the QTLs controlling 
the partial charcoal rot resistance found in these accessions. 
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Table 3.1. Summary of analysis of variance for all experiments to screen for resistance to 
charcoal rot of soybean 
Experiment 
Resistance 
measurement 
Source of 
variation† df‡ F ratio 
1 Lesion length over time Genotype 80 2.03*** 
 
 Block 2 8.46*** 
2 Lesion length Genotype 15 7.89*** 
 
 Block 5 2.09 
3 Lesion length Genotype 9 9.97*** 
 
 Block 11 0.9 
4 Percent survival Genotype 7 16.21*** 
 
 Block 11 0.91 
† Genotype and block were fixed effects.  
‡ Degrees of freedom for block effect in experiments 3 and 4 were calculated from combined 
repeated tests. 
*** Significant differences at P > 0.0001. 
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Table 3.2. Grouping of 81 soybean genotypes by one standard deviation from the mean area 
under the disease progress curve (AUDPC) value 7 to 14 days after inoculation with 
Macrophomina phaseolina using the cut-stem inoculation technique 
Standard 
deviation† 
Genotypes‡ 
 3 PI 171451, 548411, 548444, 548657 
 2 PI 53048, 542402, 548359, 548463, 548494, 548599, 88811 
 1 DT97-4290, 99-17483, LS98-0265, 98-1430, 98-3257, PI 159925, 200492, 
508269, 513382, 548169, 548237, 548298, 548307, 548383, 548391, 548406, 
548407, 548456, 548457, 548469, 548493, 548528, 548595, 548603, 548604, 
548623, 548626, 548633, 548697, 567790, 65338, 84637, 84946-2, Spencer 
 0 Mean = 234  66 standard deviation 
-1 DT98-7553, 99-16864, 99-17554, LS98-2574, Pana, PI 171450, 317335, 548193, 
548195, 548301, 548342, 548352, 548400, 548561, 548624, 548663, 84631, 
88788, 91110-1, 96983 
-2 FC 31745, N98-7265, PI 240664, 248404, 535807, 548178, 548302, 548318, 
548336, 548409, 548414, 548445, 548548, 548559, 548587 
-3 PI 548382 
†Soybean genotypes with area under the disease progress curve values that fall within 1, 2, or 3 
standard deviations of the mean. Those genotypes with positive standard deviations from the 
mean have higher AUDPC values while those with negative standard deviations from the mean 
have lower AUDPC values.   
‡Plant introductions (PI, N, or FC prefix) were obtained from USDA Soybean Germplasm 
Collection, University of Illinois, Urbana, IL 61801 and are considered part of the soybean 
ancestral set (Grizlice, et al. 1994). Lines prefixed DT- or LS- are breeding lines obtained, 
respectively, from USDA-ARS, Stoneville, MS and Southern Illinois University.   Other soybean 
genotypes, Spencer and Pana, were public releases from universities in the Midwest. DT97-4290 
and LS98-3257 was used as moderately resistant and susceptible checks, respectively (Paris et 
al., 2006, Mengistu et al., 2007).  
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Table 3.3. Lesion length on stems of 14 soybean genotypes inoculated with Macrophomina 
phaseolina using the cut-stem inoculation technique 
Genotype† Lesion length (mm) ‡ 
Pharaoh 85 a
 
PI 548318 83 a 
PI 535807 69 ab 
PI 548409 60 bc 
DT97-4290† 58 b-d 
PI 548548 51 b-e 
PI 248404 45 c-e 
PI 548382 45 c-e 
PI 548178 43 de 
FC 31745 43 de 
PI 548302 42 e 
PI 548336 40 e 
PI 548559 40 e 
PI 240664 38 e 
PI 548587 38 e 
PI 548414 36 e 
†DT97-4290, a moderately resistance soybean genotype, and Pharaoh, a susceptible genotype, 
were used as checks. 
‡Stem lesion lengths were recorded 11 days post-inoculation. Means followed by common letters 
were not significantly different by the least significant difference test at α = 0.05.   
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Table 3.4. Lesion lengths of stems of eight soybean genotypes inoculated with Macrophomina 
phaseolina using the cut-stem inoculation technique 
Genotype† Lesion length (mm) ‡ 
Pharaoh 105 a
 
DT97-4290 87 b 
PI 548336 72 bc 
FC 31745 67 cd 
PI 240664 56 c-e 
PI 548178 55 de 
PI 548587 52 de 
PI 548414 52 de 
PI 548559 50 de 
PI 548302 38 e 
†DT97-4290, a moderately resistance soybean genotype, and Pharaoh, a susceptible genotype, 
were used as checks 
‡Lesion lengths were recorded 14 days post-inoculation. Means followed by common letters 
were not significantly different by the least significant difference test at α = 0.05.  
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Table 3.5. Percent plant survival of six soybean genotypes inoculated with Macrophomina 
phaseolina using the cut-stem inoculation technique 
 
Genotype 
Maturity 
group 
Contribution to North American 
public cultivars (%)‡ 
 
Plant survival (%)§ 
PI 548414 (Sioux) 000 0.02 88 a 
PI 548302 (Bansei) II 0.78 81 ab 
PI 548178 (T145) III 0 66 b 
PI 548559 (Emerald) IV 0.29 43 c 
PI 240664 X 0.48 34 c 
DT97-4290† IV NA†† 32 c 
PI 548587 (Kim) III 0.39 25 c 
Pharaoh† IV NA 6 d 
 
†DT97-4290, a moderately resistance soybean genotype, and Pharaoh, a susceptible genotype, 
were used as checks. 
‡ Taken from Gizlice et al, 1994. 
§Plant survival was recorded 8 days post-inoculation. Means followed by common letters were 
not significantly different by the least significant difference test at α = 0.05.  
†† Not applicable. 
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APPENDIX A 
 
 Characterization of Soybean Aphid Isolate from Moline, IL Based on Colonization of 
Specific Soybean Genotypes 
 
 In recent years, four soybean aphid biotypes have been identified, each with differing 
abilities to overcome certain resistance genes in soybean. For resistance to be a durable and 
effective control method, monitoring regional soybean aphid biotype populations and looking for 
potential new biotypes is essential.  
 
OBJECTIVE 
 
Determine if an aphid isolate collected from buckthorn in Moline, IL was a new aphid 
biotype through a choice test followed by a series of non-choice tests 
 
MATERIALS AND METHODS 
 
Choice test 
Aphid culture  
Moline Isolate 
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Soybean genotypes  
Dowling, Dwight, Jackson, Loda, Pana, PI 200538, PI 243540, PI 437696, PI 567541B, PI 
567598B, Williams 82 
 
Methods 
1) The test was set up as a randomized complete block design (RCBD) with three blocks 
and two plant experimental units 
2) The test was conducted in a conviron growth chamber set for a 16 hour photoperiod with 
500 µmol m-2s-1 PAR irradiation and a day temperature of 24°C and 18°C at night 
3) When unifoliolate leaves began to expand, infested aphid leaves, each containing greater 
than 100 aphids of all life stages, were evenly spread over the top of the plants in all three 
flats 
4) aphid colonization was rated 14 days after inoculation using an established 1-4 rating 
scale distinguishing four aphid colonization classes:  
1 = few solitary live or dead aphids;  
2 = several transient aphids with some viviparous aptera surrounded by a few 
nymphs;  
3 = dense colonies; and  
4 = dense colonies accompanied by plant damage, including leaf distortion and 
stunting 
No-choice test 
Aphid isolates  
Moline isolate and biotype 3 isolate 
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Soybean genotypes 
Different panels of soybean genotypes were selected based on previous results (Table A.1.) 
Table A.1. Soybean genotypes for each no-choice test 
Test 1 Test 2 Test 3 Test 4 
PI 71506 
(Antixenosis) 
LD05-16611 
(Rag1) 
PI 71506 
(Antixenosis) 
PI 567598B 
(rag1b, rag3) 
PI 567543C  
(Rag3) 
LD08-12597a 
(Rag2) 
Dowling  
(Rag1) 
Dowling  
(Rag1) 
PI 567598B  
(rag1b, rag3) 
PI 567541B 
(rag1c_rag4) 
LD05-16611 
(Rag1) 
LD05-16611 
(Rag1) 
Dowling  
(Rag1) 
PI 567598B 
(rag1b, rag3) 
LD08-12597a 
(Rag2) 
LD08-12597a 
(Rag2) 
PI 200538  
(Rag2) 
Williams 82 
 
PI 200538  
(Rag2) 
Williams 82 
 
PI 567301B 
(Rag2_PI567301B) 
 
PI 567541B 
(rag1c_rag4) 
 PI 567541B 
(rag1c_rag4) 
 
PI 567598B 
(rag1b, rag3)   
Williams 82 
  
  
 
Methods 
1) The tests were set up as a 2-factorial RCBD (Tests 1-3) with three blocks or completely 
randomized design (CRD) (Test 4) with five replications and single plant experimental 
units. Factors were aphid isolates and soybean genotypes 
2) Experiments were held in a conviron growth chamber set for a 16 hour photoperiod with 
500 µmol m-2s-1 PAR irradiation and a day temperature of 24°C and 18°C at night 
3) When unifoliolate leaves began to expand (soybean growth stages Vc to V1), 10 second to 
third instar aphids were placed on the adaxial surface of a single unifoliolate leaf on each 
plant using a thin synthetic fiber paintbrush 
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4) Plastic cages with screened windows were placed over the plants and secured by pressing 
the cage down into the soil 
5) Aphid colonization in all tests was judged by visual enumeration of aphid populations on 
each plant 14 days post-inoculation 
6) Standard least squares analysis was performed on data in all of the no-choice tests  after 
aphid counts were transformed by taking the log to base 10 of the sum of the aphid count 
plus one to correct for heterogeneity of variance among the soybean genotypes and 
soybean aphid treatments  
 
RESULTS 
 
The Moline isolate was able to easily colonize sources of Rag2, while colonization on 
sources with Rag1 had very few aphids (Table A.2). This shows that the isolate was not biotype 
1 or biotype 2, but could potentially be biotype 3. A series of non-choices tests proved that there 
was a significant difference between the Moline isolate and biotype 3 when colonizing sources 
with Rag1 and rag1b, rag3 (Fig. A.1-A.4). the Moline isolate showed significantly reduced 
virulence on these genotypes. 
Variability in differential colonization of biotype 3 and the Moline isolate on LD05-16611 
and Dowling in some of the tests may be explained by a planting error or the use of different 
sources of seed, in which the first one could have been a seed admixture (Fig. A.2.-A.4.). Despite 
these discrepancies, the overall results supported differentiation of the two aphid isolates. We 
proposed that the Moline isolate was a variant of biotype 3, and further testing was done 
(Chapter 1).  
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Table A.2. Number of plants out of six possible in four aphid colonization classes in the 
experiment 1 choice test after inoculation with the soybean aphid Moline isolate  
  Number of plants per aphid colonization class† 
Soybean 
genotype 
 
Resistance gene 
1 2 3 4 
Dowling Rag1 5 1 0 0 
Dwight Susceptible 0 0 0 6 
Jackson Rag1 3 2 0 0 
Loda Susceptible 0 0 0 6 
Pana Susceptible 0 0 0 6 
PI 200538 Rag2 0 0 5 1 
PI 243540 Rag2 0 0 2 3 
PI 437696 Rag1, Rag2 0 4 2 0 
PI 567541B rag1c, rag4 4 0 2 0 
PI 567598B rag1b, rag3 4 1 1 0 
Williams 82 Susceptible 0 0 0 6 
† Results were rated qualitatively using scale with 1 = few solitary live or dead aphids, 2 = 
several transient aphids with some viviparous aptera surrounded by a few nymphs, 3 = dense 
colonies, and 4 = dense colonies accompanied by plant damage, including leaf distortion and 
stunting (Hill et al. 2006a, Hill et al. 2006b, Hill et al. 2009, and Hill et al. 2010). 
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Fig. A.1. Comparison of populations of Moline isolate and biotype 3 soybean aphid isolates on 
eight soybean genotypes in No-choice Test 1.  Population level is the mean of three replications, 
with one plant per replication, 14 days post-inoculation.  Different letters above bars indicate 
means are significantly different (α = 0.05). 
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Fig. A.2. Comparison of populations of Moline isolate and biotype 3 soybean aphid isolates on 
five soybean genotypes in No-choice Test 2.  Population level is the mean of three replications, 
with one plant per replication, 14 days post-inoculation.  Different letters above bars indicate 
means are significantly different (α = 0.05). 
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Fig. A.3. Comparison of populations of Moline isolate and biotype 3 soybean aphid isolates on 
seven soybean genotypes in No-choice Test 3.  Population level is the mean of three replications, 
with one plant per replication, 14 days post-inoculation.  Different letters above bars indicate 
means are significantly different (α = 0.05). 
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Fig. A.4. Comparison of populations of Moline isolate and biotype 3 soybean aphid isolates on 
five soybean genotypes in No-choice Test 4.  Population level is the mean of three replications, 
with one plant per replication, 14 days post-inoculation, from two tests.  Different letters above 
bars indicate means are significantly different (α = 0.05). 
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APPENDIX B 
 
Preliminary Evaluation of Infection by Macrophomina phaseolina by Five Chemical 
Elicitors and Water Control 
 
 With an increasing awareness of the negative impacts of current agricultural practices, 
including the overuse of pesticides, it has become imperative to find more sustainable disease 
management methods. Inducing resistance using chemical elicitors has shown to be an effective 
method of disease control in many horticultural crops. Very few studies have been done 
evaluating different chemical elicitors on their abilities to induce disease resistance in soybean. 
In this study, soybean genotypes were evaluated for their response to a panel of pathogens and 
pests after the application of five chemical elicitors.  
 
OBJECTIVE 
 
To select chemical elicitors to determine their potential to induce host resistance to 
suppress disease severity of charcoal rot.  
 
MATERIALS AND METHODS 
 
Pathogen 
Macrophomina phaseolina Pinetree isolate 
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Soybean genotypes 
DT97-4290, LD00-2817p, LDX01-1-65, Pharaoh 
Chemical elicitors 
BTH, Chitosan, Harpin, Phenylalanine, Salicylic Acid, water control 
 
Table B.1. Solutions of different chemical elicitors 
BTH Chitosan Harpin Phenylalanine Salicylic Acid 
0.08g/L 0.02g/L .3g/L 0.2g/L 0.03g/L 
1L Distilled 
H2O 
1% acetic acid 1L Distilled 
H2O 
10ml buffer 1ml 200 proof ethanol 
 pH=5.6 using 1N 
NaOH  
 1L Distilled 
H2O 
1L distilled H2O 
 
Methods 
1) Set up as a split-plot RCBD with six blocks and four plant experimental units. The main 
plot was treatment and the subplot was genotype 
2) Placed in a greenhouse set at a constant 30ºC with a 16 hour photoperiod 
3) 72 hours prior to inoculation, plants were spray with the five chemical elicitors or water 
control until run-off 
4) When the second trifoliolate expanded, plants were cut 25 mm above the unifoliolate 
node 
5) A 100 µl pipette tip was placed into the agar of an actively grown culture of Pinetree and 
pressed firmly down onto the wounded soybean tip 
6) Lesion lengths were recorded 14 days post-inoculation 
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RESULTS 
 
BTH and Harpin were able to significantly reduced lesion lengths caused by infection of 
M. phaseolina on the susceptible genotype, Pharaoh (Table B1.1). The response of LD00-2817p 
and LDX01-1-65 was found to be significantly different after the application of salicylic acid 
with LDX01-1-65 having a larger lesion length than LD00-2817p. Since a focus of this study 
was to evaluate the response these two soybean genotypes to elicitation, salicylic acid was 
selected for further testing. 
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Table B.2. Lesion length measurements on soybean genotypes caused by M. phaseolina after the 
application of five chemical elicitors and water control 14 days post-inoculation 
Genotype Elicitor Lesion length (mm)† 
DT97-4290 BTH 30 efg 
 
Chitosan 38 defg 
 
Harpin 29 efg 
 
Phenylalanine 35 defg 
 
Salicylic Acid 45 de 
  Water 36 defg 
LD00-2817p BTH 38 defg 
 
Chitosan 41 defg 
 
Harpin 42 defg 
 
Phenylalanine 26 g 
 
Salicylic Acid 29 fg 
  Water 40 defg 
LDX01-1-65 BTH 50 d 
 
Chitosan 40 defg 
 
Harpin 44 def 
 
Phenylalanine 33 defg 
 
Salicylic Acid 47 de 
  Water 43 defg 
Pharaoh BTH 65 c 
 
Chitosan 96 a 
 
Harpin 69 c 
 
Phenylalanine 71 bc 
 
Salicylic Acid 82 bc 
  Water 87 ab 
† Means followed by a different letter significantly differ by the least significant difference (α = 
0.05) 
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APPENDIX C 
 
Preliminary Evaluation of Infection by Sclerotinia sclerotiorum by Five Chemical Elicitors 
and Water Control  
 
OBJECTIVE 
 
To select chemical elicitors to determine their potential to induce host resistance to 
suppress disease severity of Sclerotinia stem rot. 
  
MATERIALS AND METHODS 
 
Pathogen 
Sclerotinia sclerotiorum Rudd isolate 
Soybean genotypes 
DSR-2400, Fairbault, LD00-2817p, LDX01-1-65 
Chemical elicitors 
BTH, Chitosan, Harpin, Phenylalanine, Salicylic Acid, water control 
Methods 
1) Two tests were set up as split plot RCBD with three blocks and five plant experimental 
units. Main plots were treatment and subplots were genotype.  
2) Placed in a greenhouse set at a constant 22ºC with a 16 hour photoperiod 
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3) 72 hours prior to inoculation, plants were spray with the five chemical elicitors or water 
control until run-off 
4) At V6, plants were cut 25 mm above the 5th trifoliolate node 
5) A 100 µl pipette tip was placed into the agar of an actively grown culture of Rudd and 
pressed firmly down onto the wounded soybean tip 
6) Lesion lengths were recorded 14 days post-inoculation 
 
RESULTS 
 
Significant differences within a genotype were found for DSR-2400 after the application 
of chitosan (Test 1), Fairbault after the application of harpin and phenylalanine (Test 1), LD00-
2817p after the application of harpin (Test 2), and LDX01-1-65 after the application of chitosan 
and harpin (Test 2) (Table C.1). For all cases, the application of a resistance elicitor increased 
susceptibility to the pathogen. However, chitosan and salicylic acid were chosen for further 
testing because of the consistent differences in response found between LD00-2817p and 
LDX01-1-65. LD00-2817p also showed significantly lower disease severity compared to DSR-
2400, the resistant check, after application of chitosan and salicylic acid.  
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Table C.1. Lesion length measurements on soybean genotypes caused by S. sclerotiorum after 
the application of five chemical elicitors and water control 14 days post-inoculation 
Genotype Treatment 
Test 1 lesion 
lengths (mm) 
Test 2 lesion  
lengths (mm) 
DSR-2400 BTH 122 105 
 
Chitosan 154*† 115 
 
Harpin 143 114 
 
Phenylalanine 139 120 
 
Salicylic Acid 134 110 
  Water 134 108 
Fairbault BTH 164 148 
 
Chitosan 199 165 
 
Harpin 215* 150 
 
Phenylalanine 222* 150 
 
Salicylic Acid 169 169 
  Water 164 158 
LD00-2817p BTH 122 99 
 
Chitosan 124 98 
 
Harpin 136 113* 
 
Phenylalanine 145 102 
 
Salicylic Acid 128 82 
  Water 128 87 
LDX01-1-65 BTH 165 133 
 
Chitosan 168 170* 
 
Harpin 178 161* 
 
Phenylalanine 160 159 
 
Salicylic Acid 177 145 
  Water 160 139 
† *indicates significant different from water control (P < 0.05) 
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APPENDIX D 
 
Preliminary Evaluation of colonization of Soybean Aphids by Five Chemical Elicitors and 
Water Control 
 
OBJECTIVE 
 
To select chemical elicitors to determine their potential to induce host resistance to 
suppress colonization of soybean aphids on different soybean genotypes 
 
MATERIAL AND METHODS 
 
Pest 
Aphis glycines Matsumura (Hemiptera: Aphididae) 
Soybean genotypes 
LD00-2817p, LDX01-1-65, LD11-4576a, Williams 82 
Chemical elicitors 
BTH, Chitosan, Harpin, Phenylalanine, Salicylic Acid, water control 
Methods 
1) Two tests were set up as a split plot RCBD with six blocks and single plant experimental 
units. Main plot was treatment and subplot was genotype.  
a. Test 1: All five chemical elicitors and water control 
b. Test 2: Phenylalanine, salicylic acid, and water control 
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2) Tests conducted in growth chamber held at 24ºC day and 18ºC night with a 16 hr 
photoperiod 
3) Seed planted in 12.7 cm pot 
4) When unifoliolate expanded, chemical elicitors and water control were applied until run-
off 
5) When plants were dry, 5 second- to third-instar aphids were placed on adaxial suface of 
the unifoliolate using synthetic fiber paintbrush 
6) Each pot was covered with 100 x 300 mm cage with 4mm clear plastic walls and two 80 
x 180mm side windows with open top covered with a silk fabric with irregularly shaped 
0.1mm openings (China silk, NFR, Vanilla; Rosebrand East, Secaucus, NJ) 
7) Aphids were counted ten days post-inoculation 
 
RESULTS 
 
For test 1, there were no significant differences found within any of the genotypes except 
on LD11-4576a where the application of BTH increased susceptibility (Table D.1). Although 
not-significant, colonization on LD00-2817p was a lot less than on LDX01-1-65 when 
phenylalanine and salicylic acid were applied; therefore, a second test was run with these 
elicitors. 
For Test 2, no significant differences were found within any of the genotypes except 
LD11-4576a, which again showed increased susceptibility but this time after the application of 
phenylalanine and salicylic acid (Table D.2).  
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Table D.1. Aphid counts on soybean genotypes after the application of five chemical elicitors 
and water control 
Genotype    Elicitor Aphid Counts† 
LD00-2817p BTH 2505 a 
 
Chitosan 2623 a 
 
Harpin 2113 ab 
 
Phenylalanine 2412 a 
 
Salicylic acid 1032 bc 
 
Water 1946 ab 
LDX01-1-65 BTH 1764 ab 
 
Chitosan 2731 a 
 
Harpin 1725 ab 
 
Phenylalanine 3056 a 
 
Salicylic acid 2030 ab 
 
Water 1583 ab 
LD11-4576a BTH 475 cd 
 
Chitosan 246 de 
 
Harpin 74 ef 
 
Phenylalanine 126 ef 
 
Salicylic acid 90 f 
 
Water 73 ef 
Williams 82 BTH 1240 ab 
 
Chitosan 3124 a 
 
Harpin 2242 ab 
 
Phenylalanine 2823 ab 
 
Salicylic acid 1949 ab 
 
Water 2011 ab 
† Means followed by a different letter significantly differ by the least significant difference (α = 
0.05) 
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Table D.2. Aphid counts on soybean genotypes after the application of two chemical elicitors 
and water control 
Genotype Elicitor Aphid Counts† 
LD00-2817p Phenylalanine 1711 a 
 
Salicylic acid 2294 a 
 
Water 2075 a 
LDX01-1-65 Phenylalanine 1617 a 
 
Salicylic acid 2061 a 
 
Water 1553 ab 
LD11-4576a Phenylalanine 443 bc 
 
Salicylic acid 429 c 
 
Water 59 d 
Williams 82 Phenylalanine 1447 a 
 
Salicylic acid 1968 a 
 
Water 1413 a 
† Means followed by a different letter significantly differ by the least significant difference (α = 
0.05) 
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APPENDIX E 
 
Preliminary Evaluation of Infection by Phakopsora pachyrhizi by Five Chemical Elicitors 
and Water Control 
 
OBJECTIVE 
 
To select chemical elicitors to determine their potential to induce host resistance to 
suppress disease severity of soybean rust on different soybean genotypes.  
 
MATERIALS AND METHODS 
 
Pathogen  
Phakopsora pachyrhizi FL-07 isolate 
Soybean genotypes  
LD00-2817p, LDX01-1-65, LD09-16057 (Rpp1), Williams 82 
Chemical elicitors  
BTH, Chitosan, Harpin, Phenylalanine, Salicylic Acid, water control 
Methods 
1) Plants were grown in a growth chamber held at 24C with a 16 hour photoperiod until 
unifoliolate leaves were fully expanded, about 3 weeks 
2) Plants were sprayed with chemical elicitors until run-off 72 hours prior to inoculation  
a. For trial 1, all five chemical elicitors were used 
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b. For trial 2, BTH, harpin, and the water control were used 
3) Unifoliolate leaves were clipped from plants and placed abaxial side down on moist filter 
paper inside a clam shell container.  
4) Leaves were inoculated with four 20 µl droplets of a suspension consisting of roughly 
100 urediniospores in 0.01% Tween 20 
5)  Clamshells were sealed and incubated in a tissue chamber held at a constant 24ºC with a 
16 hr photoperiod.  
6) Lesions were counted 14 days post-inoculation  
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RESULTS 
 
In trial 1, there were no results for the salicylic acid treatment since the concentration was 
over powering and killed the urediniospores (Table E.1). There were no significant differences 
found for any of the treatments or genotype x treatment interactions. However, Harpin was 
selected for further testing because of its ability to suppress lesion development. BTH was 
selected as well for performance in this test as well as performance in previous studies (Cruz et 
al 2014).  
In trial 2 test 1, BTH significantly increased the number of uredinia and the number of 
sporulating uredinia on Williams 82; however, it significantly decreased the percent of 
sporulating uredinia on LD00-2817p  (Table E.2-Table E.4). The application of Harpin did not 
significantly increase the amount of uredinia, but increased sporulation on LDX01-1-65 (Table 
E.2 - E.3).  
 In test 2, BTH significantly lowered the amount of uredinia on LDX01-1-65 and 
Williams 82. Williams 82 was found immune to infection after the application of BTH (Table 
E.2). BTH also significantly lowered the number of sporulating uredinia on all three genotypes, 
and LDX01-1-65 and Williams 82 had significantly lower percentage of sporulating uredinia. In 
conflict with test 1, application of harpin lowered the amount of sporulation on LDX01-1-65 
(Table E.2 - E.4). 
 The two tests conflict in their reactions to these elicitors; however, in both tests, we do 
see a positive effect from the application of BTH. We also only see a reaction, though 
conflicting, on LDX01-1-65 after the application of Harpin. Williams 82 was the most impacted 
genotype.  
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Table E.1. Lesion counts on soybean genotypes caused by P. pachyrhizi after application of five 
chemical elicitors and water control 
Genotype Elicitor Number of lesions 
LD00-2817p BTH 13 
 
Chitosan 15 
 
Harpin 11 
 
Phenylalanine 13 
 
Salicylic acid - 
 
Water 15 
LDX01-1-65 BTH 18 
 
Chitosan 14 
 
Harpin 15 
 
Phenylalanine 19 
 
Salicylic acid - 
  Water 22 
 
  
  
102 
 
Table E.2. Uredinia Counts on soybean genotypes caused by P. pachyrhizi after the application 
of two chemical elicitors and water control 
Genotype Elicitor 
Test 1 uredinia 
counts† 
Test 2 uredinia  
counts 
LD00-2817p BTH 3e 9c 
LD00-2817p Employ 5b-e 15a-c 
LD00-2817p Water 3e 14bc 
LDX01-1-65 BTH 4de 14bc 
LDX01-1-65 Employ 9ab 17ab 
LDX01-1-65 Water 6a-d 20a 
Williams 82 BTH 8a 0d 
Williams 82 Employ 8a-c 19ab 
Williams 82 Water 5c-e 18ab 
† Means followed by a different letter significantly differ by the least significant difference (α = 
0.05) 
 
Table E.3. Sporulating uredinia counts on soybean genotypes caused by P. pachyrhizi after the 
application of two chemical elicitors and water control 
Genotype Elicitor 
Test 1 sporulating 
uredinia counts† 
Test 2 sporulating 
uredinia counts 
LD00-2817p BTH 2c 7bc 
LD00-2817p Employ 3c 10ab 
LD00-2817p Water 2c 12a 
LDX01-1-65 BTH 2c 4cd 
LDX01-1-65 Employ 8a 3cd 
LDX01-1-65 Water 3c 10ab 
Williams 82 BTH 7ab 0d 
Williams 82 Employ 7ab 5c 
Williams 82 Water 5bc 6c 
† Means followed by a different letter significantly differ by the least significant difference (α = 
0.05) 
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Table E.4. Percentage of sporulating uredinia counts on soybean genotypes caused by P. 
pachyrhizi after the application of two chemical elicitors and water control 
Genotype Elicitor 
Test 1 % 
sporulating 
uredinia† 
Test 2  
sporulating 
uredinia 
LD00-2817p BTH 53bc 81a 
LD00-2817p Employ 67ab 63ab 
LD00-2817p Water 82a 76a 
LDX01-1-65 BTH 43c 28d 
LDX01-1-65 Employ 93a 19de 
LDX01-1-65 Water 54bc 52bc 
Williams 82 BTH 80a 0e 
Williams 82 Employ 84a 24de 
Williams 82 Water 94a 37cd 
† Means followed by a different letter significantly differ by the least significant difference (α = 
0.05) 
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APPENDIX F 
 
Laboratory-Based Screening Methods to Evaluate Soybean for Resistance to 
Macrophomina phaseolina, Causal Pathogen of Charcoal Rot 
 
 The majority of screening methods to evaluate host resistance to M. phaseolina have been 
field-based. These methods are vulnerable to uncontrolled environmental conditions that could 
alter results. Recently, a semi-controlled greenhouse method has been established, but there is 
still high variability within genotypes to infection by M. phaseolina. A quantitative, laboratory 
based screening method is imperative to accurately screen for resistance in soybean. 
 
OBJECTIVE 
 
Assess two screening methods, a detached leaf assay and an excised stem assay, for 
evaluating soybean resistance to M. phaseolina 
 
MATERIALS AND METHODS 
Detached leaf assay 
Pathogen  
Macrophomina phaseolina Pinetree isolate 
Inoculation treatments  
800, 1000, 3200 hyphal fragments/drop or 4 mm plug 
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Soybean genotypes  
DT97-4290 (Resistant), LS94-3257 (Susceptible) 
Methods 
1) Plants were grown in a conviron growth chamber at a constant 24ºC with a 16 hour 
photoperiod prior to inoculation 
2) Fully expanded unifoliolates were cut using a sharp razor blade from plants and placed 
abaxial side down on moist filter paper inside a clam shell container 
3) Each unifoliolate was inoculated with: 
a. A hyphal fragment suspension that was prepared by inoculating 100 ml of potato 
dextrose broth with five 4 mm plugs 72 hours prior to inoculation. The hyphal 
masses were removed from the broth and added to 50 ml of distilled water. The 
suspension was then blended 30 seconds on, 30 seconds off, 30 second on before 
being diluted into 800, 1000, or 3200 hyphal fragments per 20ul drop 
b. Or a 4 mm plug from the edge of an actively growing culture was placed directly 
on the leaf surface 
4) After the leaves were inoculated, the clam shells were sealed and placed in a tissue 
chamber held at 30ºC with a 16 hour photoperiod  
5) Visual assessments of lesion growth were recorded every 24 hours 
 
Excised stem assay 
Pathogen  
Macrophomina phaseolina Pinetree isolate 
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Inoculation treatment  
4mm plug 
Soybean genotypes  
DT97-4290 (R), LS94-3257 (S) 
Methods 
1) Plants grown in a conviron growth chamber at a constant 24ºC with a 16 hour 
photoperiod prior to inoculation 
2) Once unifoliolates were fully expanded, a 2 cm section of stem was cut at a 45 angle at 
starting the hypocotyl using a sharp razor blade 
3) Each unifoliolate was inoculated with a 4 mm plug in the middle of the stem segment 
4) After the stems were inoculated, the clam shells were sealed and placed in a tissue 
chamber held at a constant 30ºC with a 16 hour photoperiod 
5) Visual assessments of lesion growth were recorded every 24 hours 
 
RESULTS 
 
On leaves, there were inconsistent results and visual observations were not able to 
differentiate the two genotypes (Fig. F.1). On excised stems, both genotypes were overwhelmed 
by the plugs and died quickly (Fig. F.2). Neither one of these methods is able to differentiate the 
two soybean genotypes due to the aggressiveness and high variability that has been shown in the 
cut-stem method.  
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Fig. F.1. Unifoliolates of DT97-4290 (D) and LS94-3257 (L) inoculated with a 4mm plug 48 
hours post inoculation 
 
 
 
 
Fig. F.2. Excised stem sections of DT97-4290 (D) and LS94-3257 (L) inoculated with a 4mm 
plug 48 hours post-inoculation 
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APPENDIX G 
 
Quantitative Evaluation of Root Resistance of Soybean to Macrophomina phaseolina 
 
 The majority of methods to screen for resistance to M. phaseolina are field based and 
prone to be impacted by uncontrollable environmental conditions. A cut-stem inoculation 
method has been established to evaluate stem resistance in a semi-controlled setting, but there is 
not an effective method for evaluating root resistance. A greenhouse assay that evaluates 
soybean root resistance would have more control over the environment to produce more accurate 
results. 
 
OBJECTIVE 
 
To test the effectiveness of root inoculations by M. phaseolina to differentiate soybean 
genotypes for root resistance using QPCR and to test the effectiveness of root inoculations by M. 
phaseolina to differentiate soybean genotypes for root resistance using visual observations 
 
MATERIALS AND METHODS 
 
QPCR evaluation test 
Pathogen  
Macrophomina phaseolina Pinetree isolate 
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Soybean genotype  
DT97-4290, Jack, LD02-4485, LD07-3419, LD08-12441a, LD94-3207, Pharaoh, PI 423748a, PI 
564482, PI 567374, PI 567690, and Williams 82. 
Sampling days  
5, 10, 20 days after planting 
Preparation of inoculum 
1) 500 ml of millet seed was soaked overnight in a 2 L flask filled with 1 L of distilled water 
that was capped with a foam plug and aluminum foil 
2) The water was drained from the flask and the millet was washed twice before re-capping 
and autoclaving for 60 minutes twice 
3) Once the millet has cooled, a 3 day old culture of Pinetree, grown on PDA, was cut into 
approximately 1 cm2 pieces and added to the 2 L flask 
4) The flask was incubated for 3 days at 28ºC and shaken for approximately 2 minutes 
periodically to ensure even distribution of the fungus 
Methods 
1) A 2-factorial test was set up as a RCBD with four blocks and three plant experimental 
units. The two factors were sampling day and soybean genotype 
2) The test was conducted in a greenhouse held at a constant 30ºC with a 16 hour 
photoperiod 
3) The test was planted in dyna flats (10 x 36 x 51 cm) using a modified layered method 
which was arranged as follows (Fig. G.1) : 
a. Layer of paper towel 
b. 3,200 ml of torpedo sand, leveled 
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c. 1,600 ml of inoculum sand mix (300ml inoculum and 1,300ml sand), leveled 
d. 3,200 ml of torpedo sand, leveled 
e. Seeds 
f. 1,600 ml torpedo sand 
g. Slow release fertilizer (Osmocote 19-6-12) 
4) Five seeds were planted per entry and thinned to three plants upon emergence 
5) Plants were sampled 5, 10, or 20 days after planting by removing the plants from sand 
and washing off excess soil and inoculum 
6) Roots were cut at the hypocotyl prior to drying 
7) Samples were dried for 24 hours at 30ºC 
8) Dried samples were weighed and then milled and prepared for QPCR  
9) Analysis of variance was performed and JMP LSmeans Student’s t procedure was 
performed to separate the genotype means at α=0.05 
 
Visual observation test 
Pathogen  
Macrophomina phaseolina Pinetree isolate 
Soybean genotypes  
DT97-4290, Pharaoh, PI 548178, PI 548302, PI 548414 
Sampling days  
14, 21, and 28 days after planting 
Methods 
1) A 3-factorial CRD with genotype, inoculated/non-inoculated millet, and sampling day as 
factors with six replications and one plant experimental units 
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2) A modified layered method using Cone-tainers (3.8 x 21 cm) was arranged as follows 
(Fig.G.2): 
a. A cotton ball was placed at the bottom of the cone-tainer 
b. 50 ml of torpedo sand 
c. 5 ml of inoculated or non-inoculated millet 
d. 50 ml of torpedo sand 
e. A single seed 
f. 20 ml of torpedo sand 
g. Few pellets of slow release fertilizer (Osmocote 19-6-12) 
3) Cone-tainers were held in 98 cell trays in a greenhouse held at a constant 30ºC with a 16 
hour photoperiod 
4) 14, 21, and 28 days after planting, plants were removed from cone-tainers and washed to 
remove debris 
5) Shoots and roots were separated at the hypocotyl using a sharp razor blade 
6) Shoot heights and lesion lengths on the taproots were recorded 
7) All plant material was placed in an oven held at 35ºC for 48 hours 
8) Dry weights were taken for both shoots and roots 
9) Since analysis of variance was insignificant for all ratings, single degree of freedom 
linear contrasts were performed between inoculated and non-inoculated treatments for 
shoot heights, shoot dry weights, and root dry weights within a genotype. Lesion lengths 
were compared between genotypes. 
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 RESULTS 
 
QPCR evaluation test 
There were no significant differences (P>0.05) found for the amount of M. phaseolina 
DNA per sample between genotypes.  Differences in root weights were highly significant 
(P<0.001) for 5, 10, and 20 days after planting.  Rankings were pretty consistent for all sampling 
dates, with DT97-4290, LD94-3207, and PI 423748a consistently having the largest root 
systems. Since there was no water control, these rankings are assumed to be genetic and not 
because of susceptibility to charcoal rot, though root system may be correlated with 
susceptibility. 
 
Visual observation test 
Shoot height, shoot dry weight, and root dry weight did not show significant differences 
except at two weeks after planting (Tables G.1-G.3). Inoculated pharaoh plants were 
significantly shorter than non-inoculated and inoculated root dry weights of PI 548178 were 
significantly lower than non-inoculated. For lesion lengths, PI 548414 was able to be 
differentiated from the other PIs during all sampling days (Table G.4, Fig G.1). Except in week 
3, PI 548414 had very little necrosis, while all the other PIs had at least a 1 cm lesion each week. 
This is very interesting because DT97-4290, PI 548178, PI 548302, PI 548414 all showed partial 
resistance in a cut-stem inoculation (Chapter 3), with PI 548178 and PI 548302 being 
significantly better than DT97-4290 and PI 548414 being significantly better than all genotypes. 
However, in this root inoculation test, we were only able to differentiate PI 548414 as having 
more resistance than any of the other genotypes or the susceptible control, Pharaoh.  
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Fig. G.1. Diagram of Dyna Flat Setup Showing Layering of Materials 
 
 
 
 
3,200ml Torpedo Sand 
300ml inoculated millet + 1,300ml Torpedo Sand 
3,200ml Torpedo Sand 
1,600ml Torpedo Sand 
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Table G.1. Shoot heights† of soybean genotypes 14, 21, and 28 days after planting 
 
14 days 
 
21 days 
 
28 days 
 
Genotype Inoculated 
Non-
inoculated Significance‡ Inoculated 
Non-
inoculated Significance Inoculated 
Non-
inoculated Significance 
DT97-4290 19.1 20.1 ns 24.7 24.6 ns 42.8 45.4 ns 
Pharaoh 18.1 22.0 ** 25.8 23.0 ns 53.1 46.8 ns 
PI 548178 11.9 13.1 ns 12.7 14.0 ns 16.8 16.6 ns 
PI 548302 21.1 19.5 ns 23.4 24.9 ns 52.7 56.3 ns 
PI 548414 16.2 15.8 ns 21.1 23.5 ns 47.2 48.2 ns 
† Shoot heights were taken from the hypocotyl up to the tip of the emerging leaf 
‡ * = P < 0.05, ns = not significant 
 
 
 
Table G.2. Shoot dry weights† taken 14, 21, and 28 days after planting 
 
14 days 
 
21 days 
 
28 days 
 
Genotype Inoculated 
Non-
inoculated Significance‡ Inoculated 
Non-
inoculated Significance Inoculated 
Non-
inoculated Significance 
DT97-4290 563.7 515.2 ns 541.2 566.3 ns 1043.0 1196.3 ns 
Pharaoh 538.2 590.2 ns 492.3 482.7 ns 1270.0 950.6 ns 
PI 548178 468.8 488.2 ns 362.7 389.0 ns 780.2 728.8 ns 
PI 548302 649.0 601.7 ns 462.2 453.3 ns 912.8 1221.3 ns 
PI 548414 541.7 520.5 ns 428.8 381.8 ns 995.6 829.2 ns 
† Shoots were incubated in a 35C oven for 48 hours prior to taking weights 
‡ ns = not significant 
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Table G.3. Root dry weights† taken 14, 21, and 28 days after planting 
 
14 days 
 
21 days 
 
28 days 
 
Genotype Inoculated 
Non-
inoculated Significance‡ Inoculated 
Non-
inoculated Significance Inoculated 
Non-
inoculated Significance 
DT97-4290 415.5 418.0 ns 198.5 189.8 ns 237.2 283.3 ns 
Pharaoh 385.5 394.3 ns 115.7 115.3 ns 297.0 204.0 ns 
PI 548178 397.3 440.8 * 114.7 159.5 ns 172.0 243.2 ns 
PI 548302 425.3 456.5 ns 136.2 96.7 ns 196.0 237.0 ns 
PI 548414 376.2 374.6 ns 102.0 95.7 ns 185.0 159.2 ns 
† Shoots were incubated in a 35C oven for 48 hours prior to taking weights 
‡ * = P <0.05, ns = not significant
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† * = P < 0.05, ** = P < 0.01, *** = P < 0.001, ns = not significant 
Table G.4. Taproot lesion lengths taken 14, 21, and 28 days post inoculation 
Days After 
Planting 
Genotype Lesion length 
(cm) 
DT97-4290 Pharaoh PI 548178 PI 548302 
14  DT97-4290 1.2 
     Pharaoh 1.4 ns† 
    PI 548178 1.0 ns ns 
   PI 548302 1.5 ns ns ns 
  PI 548414 0.2 ns * ns * 
21 DT97-4290 3.1     
 Pharaoh 1.6 ns    
 PI 548178 3.2 ns ns   
 PI 548302 3.0 ns ns ns  
 PI 548414 1.4 ns ns * ns 
28 DT97-4290 2.3     
 Pharaoh 1.7 ns    
 PI 548178 2.1 ns ns   
 PI 548302 1.6 ns ns ns  
 PI 548414 0.3 *** ** ** ns 
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Fig. G.2. Diagram of cone-tainer setup showing layering of materials (left) and planting setup 
(right) 
 
 
 
  
 50ml 
Torpedo 
Sand 
5ml 
Inoculum 
50ml 
Torpedo 
Sand 
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Fig. G.3. Taproots of PI 548414 (left) and DT97-4290 (right) 28 days after planting 
 
 
